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HALOSCOPE - resonant search for axion DM in the Galactic halo

− original proposal by P. Sikivie (1983)
− search for axions as cold dark matter constituent: SHM from ΛCDM, local DM density ρ
→ signal is a line with 10−6 relative width in the energy(→ frequency) spectrum
→ + sharp (10−11) components due to non-thermalized

− an axion may interact with a strong ~B field to produce a photon of a specific frequency (→ ma)
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HALOSCOPE - resonant search for axion DM in the Galactic halo
− if axions are almost monochromatic then their conversion to detectable particles (photons)
can be accomplished using high-Q microwave cavities.

− ωTM0nl =
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)

TM0nl are the cavity modes that couple with the axion

− resonant amplification in [ma ± ma/Q]

− data in thin slices of parameter space;
typically Q < Qa ∼ 1/σ2

v ∼ 106

− signal power Pa→γ is model-dependent

Pa→γ ∝ (B2VQ)(g2
aγ

ρ

ma
)

exceedingly tiny (∼ 10−23 W)

“The last signal ever received from the 7.5 W transmitter aboard Pioneer 10 in 2002, then 12.1 billion kilometers from
Earth, was a prodigious 2.5× 10−21 W. And unlike with the axion, physicists knew its frequency!”

K. V. Bibber and L. Rosenberg, Physics Today 59, 8, 30 (2006)



HALOSCOPES: 2020 RESULTS

ADMX PRL 124, 101303 (2020)
Given the absence of axion-like signals, a 90% upper

confidence limit was set on the axion-photon coupling over
the scanned mass range. Due to the loss of sensitivity at
mode crossings, we do not report limits over some regions.

The fractional systematic uncertainties in the experiment
are listed in Table I, which are modeled as uncertainties on
the expected axion signal from the cavity. For models
where axions make up 100% of dark matter, these limits
exclude DFSZ axion-photon couplings between 2.66
and 3.31 μeV for both isothermal sphere halo models
and N-body simulations (Fig. 4). These results represent
a factor-of-4 increase in mass coverage over those reported
in Ref. [22].
ADMX will utilize a similar cavity with larger tuning

rods and improved thermalization between the dilution
refrigerator and quantum amplifier package to continue to
search dark-matter axions at higher masses with increased
sensitivity. These future searches, built on current research
and development [36,37], will probe even more deeply into
the well-motivated yet unexplored axion parameter space.

FIG. 4. 90% confidence exclusion on axion-photon coupling as a function of axion mass for the Maxwell-Boltzmann (MB) dark-
matter model and N-body model. Blue: Previous limits reported in Ref. [35]. Orange: Previous limits reported in Ref. [22]. Green:
Limits from this work. Darker shades indicate limits set for the MB model [22,33], and lighter shades indicate limits set for the N-body
model [22,34].

FIG. 3. An example of combined power spectra after a
Maxwell-Boltzmann shape filter, with blue indicating the initial
scan data and orange indicating data taken during a rescan with
roughly 4 times more integration time. The prominent peak
centered at 730.195 MHz corresponds to a blind signal injection
identified in the analysis that persisted after a rescan; the small
peak to the left at 730.186 MHz was a candidate that did not
persist in the rescan. Because of a mismatch between the receiver
spectral shape and the axion signal, the power at frequencies
surrounding the candidate is suppressed by the receiver spectral
background removal. This can be seen in the frequency back-
ground surrounding the 730.195 MHz candidate in the rescan
(orange) data.

TABLE I. Primary sources of systematic uncertainty within the
experiment. The total combined uncertainty was treated as an
uncertainty on the total axion power from the cavity.

Source Fractional uncertainty

B2*V*f 0.05
Q 0.011
Coupling 0.0055
RF model fit 0.029
Temperature sensors 0.05
SNRI measurement 0.042
Total on axion power 0.088

PHYSICAL REVIEW LETTERS 124, 101303 (2020)

101303-5− sensitivity to QCD axion
− 2.82− 3.31µeV mass range
− cylindrical cavity at T = 100 mK,
Q0 ∼ 30000, V = 136 l
− 7.6 T field

HAYSTAC arXiv:2008.01853 (2020) 4

inant noise. In practice, squeezing is limited by ⌘, the
transmissivity of the cables and microwave components
between the SQ and AMP, scaling as S = ⌘Gs + (1 � ⌘)
where Gs is the inferred squeezing at the output of
the squeezer, limited by saturation e↵ects [16]. In the
HAYSTAC system, ⌘ ⇡ 0.63, giving S = 0.37 as the the-
oretical maximum squeezing. This is nearly saturated by
the measured value and corresponds to an almost twofold
scan rate enhancement relative to optimal unsqueezed
operation.

RESULTS

Using the SSR apparatus described above, we probed
over 70MHz of well-motivated parameter space [2, 3]
in half the time that would have been required for un-
squeezed operation, saving approximately 100 days of
scanning. Initial data acquisition occurred from Septem-
ber 3 to December 17, 2019, covering 4.100–4.178 GHz
and skipping a TE mode at 4.140–4.145 GHz which does
not couple to the axion [29]. A total of 861 spectra
were collected, of which 33 were cut due to cavity fre-
quency drift, poor JPA performance, or an anomalous
power measurement in a probe tone injected near cavity
resonance. Analysis of the initial scan data yielded 32
power excesses that merited further scanning, consistent
with statistical expectations [30]. Rescan data were col-
lected from February 25 to April 11, 2020. None of the
power excesses from the initial scan persisted in the anal-
ysis of rescan data. The process of optimizing the SSR
as well as further measurements and calibrations taken
periodically are described in Appendix A.

From this data, we report a constraint on axion masses
ma within the 16.96–17.12 and 17.14–17.28 µeV/c2 win-
dows. Using the Bayesian power-measured analysis
framework [24] described in Appendix B, we exclude ax-
ions with g� � 1.38⇥gKSVZ

� . Figure 3a shows in greyscale
the prior update (change in probability) Us that the axion
resides at any specific location in parameter space, with
the solid blue line showing the coupling where Us = 10%
at each frequency. The aggregate update U (blue curve
in Fig. 3b) to the relative probabilities of the axion and
no-axion hypotheses corresponds to exclusion at the 90%
confidence level over the entire window at the coupling
where U = 10%. The results from our quantum-enhanced
data run are shown alongside other axion haloscope ex-
clusion curves in Fig. 3c, including previous HAYSTAC
results [6, 18], which operated a single JPA near the
quantum limit.

CONCLUSION

With these results, the HAYSTAC experiment has
achieved a breakthrough in sensitivity by conducting a
sub-quantum-limited search for new fundamental par-
ticles. Through the use of a squeezed state receiver

FIG. 3. Axion exclusion from this work. (a) Prior updates Us

in greyscale in the two-dimensional parameter space of axion
frequency ⌫a and coupling g� are achieved with a Bayesian
analysis framework [24]. The 10% prior update contour is
shown in solid blue. The corresponding 90% aggregate exclu-
sion level of 1.38 ⇥ gKSVZ

� is shown as dashed blue. (b) The
frequency-resolved Us are combined into a single aggregate
prior update U as a function of coupling g� over the entire
frequency range covered by the dashed blue line in (a). (c)
Results of this work are shown alongside previous exclusion
results from other haloscopes (see Ref. [31]). The QCD axion
model band [32] is shown in yellow, with the specific KSVZ
[25, 26] and DFSZ [33, 34] model lines shown as black dashed
lines.

which delivers 4.0 dB of o↵-resonant noise variance re-
duction relative to vacuum, we have demonstrated record
sensitivity to axion dark matter in the 10 µeV/c2 mass
decade. This work demonstrates that the incompatibility
between delicate quantum technology and the harsh and
constrained environment of a real search for new parti-
cle physics can be overcome: in this instance in an ax-
ion haloscope requiring e�cient tunability and operation
in an 8T magnetic field. As intense interest in quan-
tum information processing technology continues to drive
transmission losses downward, quantum-enhanced mea-
surement will deliver transformative benefits to searches
for new physics. In particular, the prospect of removing
nonreciprocal signal routing elements [35] would boost
transmission e�ciencies above 90%, yielding a greater-
than-tenfold scan rate increase beyond the quantum limit
[1].
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− 17.14− 17.28µeV axion mass range
− squeezing doubled the search rate
− cylindrical cavity at T = 60 mK
Q0 ∼ 50000, V = 1.5 l
− 8T magnet

“Roberto and I spent a few months cooking up this theory, and now the experimentalists have spent 40 years looking for it ”
H. Quinn
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CAPP PRL 124, 101802 (2020)
South Korea Institute PRL 125, 221302 (2020)

also been demonstrated, yet their sensitivities were limited
mainly because of compromises between the resonant
frequency and volume of the cavity—HAYSTAC [14],
ORGAN [15], ADMX [16], and QUAX-aγ [17]. Mean-
while, several studies have been performed on cavity
design to compensate for the volume loss, e.g., arrays of
multiple cavities [18,19], cavities with equidistant
partitions [20,21], designs exploiting higher-order modes
[22–24], and high-Q cavities [25,26]. In this Letter, we
apply a novel cavity design, known as multiple-cell cavity,
to high-mass axion searches and report the first results
using a double-cell cavity haloscope.
The multiple-cell cavity design, characterized by con-

ducting partitions which vertically divide the cavity volume
into identical cells, effectively increases the resonant
frequencies with minimal volume loss, as illustrated in
Fig. 1. The gap between partitions in the middle of the
cavity plays several critical roles: (1) it spatially connects
all the cells, enabling a single antenna to pick up the signal
from the entire volume and thus significantly simplifying
the structure of the receiver chain, (2) it breaks the
frequency degeneracy with the lowest mode corresponding
to the TM010-like mode regardless of the cell multiplicity,
making the mode identification straightforward, and (3) it
vanishes the E field of the degeneracy-broken higher
modes at the center of the cavity under ideal circumstances,
imposing a unique condition to ensure the field is evenly
distributed, and thus maximize the effective detection
volume [20].
In reality, however, dimensional tolerances in cavity

construction can cause the electromagnetic (EM) field to be
localized in particular cells, which eventually reduces the
effective volume. To estimate the effect, a two-dimensional
simulation study was conducted using the COMSOL

Multiphysics software [27]. Starting with an ideal cavity
model, we varied several dimensions—the radius of each
cell and the thickness and position of each partition—
independently by the amounts randomly selected from a
normal distribution with σ ¼ 100 μm, which corresponds
to the typical machining tolerance [28]. For a fixed partition
gap, such perturbations were modeled 100 times, and in
each case a quantity V2C2Q, a product of cavity-associated
parameters in Eq. (3), was calculated. This procedure was
repeated for differently sized center gap. The simulation
result for a double-cell cavity is shown in Fig. 2, where we
notice that there is an optimal gap to minimize the effect.

To avoid complications in the tuning system with
increasing cell multiplicity, the tuning mechanism of
Ref. [20] was revised. To the top and bottom of each cell,
we introduced an arch-shaped opening through which a
tuning rod can be extended out of the cavity. The opening
stretches from a partition to the cell field center to achieve
large frequency tunability. The set of tuning rods is gripped
at both ends by a pair of G-10 bars outside the cavity:
beneath the cavity, a 6-mm-thick bar is mounted on a single
rotational actuator, which eventually moves all the rods
simultaneously, while on the cavity top, the other bar with a
hole in the middle through which a pickup antenna can be
inserted into the cavity guides them for symmetric motion
with respect to the cavity center.
Concerning the potential field localization due to mis-

alignment of the tuning system, the effect was also
estimated based on a simulation study. For simplicity,
we modeled a double-cell cavity system with the optimal
partition gap and a pair of identical dielectric rods with
ϵr ¼ 10. The pair was artificially misaligned so that the EM
field symmetry was slightly broken, causing the field to
populate one cell more than the other. Such field locali-
zation is characterized by a nonvanishing E field of the
higher (TM110-like) mode in the cavity center, which can be
translated into the nonzero coupling strength, an experi-
mentally measurable quantity. For each misalignment, the
reflection coefficient was computed and a cavity-associated
quantity C2Q was calculated. This procedure was repeated
at several different positions along the arch-shaped holes
and the result is shown in Fig. 3. Typically measured values
< 0.05 dB correspond to < 1% reductions in scan rate.
An axion search experiment employing a double-cell

cavity was carried out utilizing a He-3 cryogenic system
and a 9T SC magnet, after which the experiment was
named “CAPP-9 T.” The cryogenic system, containing
10 L of He-3 gas, employs a set of pumps: (1) a 1 K pot
pump to condense the gas and collect the liquid in the He-3
pot and (2) a charcoal sorption pump to adjust the vapor
pressure and thus control the temperature of the He-3 plate.

FIG. 1. Various multiple-cell (double-, quadruple-, and octuple-
cell) cavities with the E-field distributions of the TM010-like
mode.

FIG. 2. Effects of machining tolerance from a 2D double-cell
cavity model, represented by the points with error bars, denoting
the systematic uncertainties from the simulation, as compared
with the ideal situation. The optimal gap is indicated by the
vertical dotted line. The performance of a standard single-cavity
geometry yielding the same resonant frequency is contrasted.

PHYSICAL REVIEW LETTERS 125, 221302 (2020)
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rf interference, the power excess density exhibited the
standard normal distribution. At every tuning step, 30 such
processed spectra were combined to produce an average
spectrum. Spurious rf interference, typically characterized
by a significant power excess within a single bin, was
removed by considering the bin-by-bin correlation with the
auxiliary data obtained by the secondary SA. We imposed
a criterion for the excess power, being < 5σ with an
efficiency of 99.85%.
For the convenience of further analysis, the power excess

in each bin was rescaled by multiplying by ðPsig=PsystÞ−1,
where Psig is the signal power expected from KSVZ axions
at the maximum peak of the signal distribution and weighted
by the cavity response and Psyst is the system noise power
obtained by Psyst ¼ kBTsystΔν, so that all of the frequency
bins had normalized power excess. Over the course of
tuning, a total of 4336 rescaled spectra with 50 kHz interval
were obtained. These spectra were vertically combined bin
by bin to construct a single broad spectrum spanning the
entire frequency range. The power excess in frequency bin i
of the combined spectrum was obtained from a weighted
average over all contributions from individual 1MHz spectra
[32]. Any single bins with a spurious peak exceeding 5σ
were additionally removed. The weighted power excess of
the combined spectrum, again in the absence of signal,
followed the standard normal distribution.
Since the signal shape of the virialized axions has a finite

bandwidth determined by its quality factor, Qa ≈ 106 [33],
combining neighboring bins belonging to the bandwidth
statistically enhances the signal. At each frequency bin,
the power of the neighboring bins was weighted by the
expected signal power density distribution, given by
the axion line shape with the axion rest mass equal to
the frequency, and summed up to be assigned to that bin.
The final spectrum, called grand spectrum, represents the
maximum likelihood estimate that can be obtained from
the axion model assuming the axion mass lies in each bin.

After the process, however, we observed that the power
excess distribution became wider (σ ¼ 1.31). We found a
positive correlation between the nearest neighboring bins
due to the so-called zero padded FFT, chosen as the SA
analysis mode, which was verified by a Monte Carlo study.
The observed number was also confirmed by comparing
baseline spectra from the SAwith uncorrelated white noise
spectra generated by Monte Carlo simulation. This corre-
lation induced a 14% reduction in overall sensitivity. Since
the effect was understood, the width of the power distri-
bution was renormalized to unity for convenience.
A null hypothesis on axions with SNR ¼ 5 constructs a

Gaussian signal power excess with μ ¼ 5 and σ ¼ 1, and
3.718σ was set as the threshold for the 90% confidence
bound. Among a total of 2 168 116 frequency bins, there
were 36 candidates exceeding the threshold. Additional
data were acquired at the corresponding frequencies and
added to the original data to be fully reanalyzed. After three
iterations of this rescanning process, all the candidates
remained below the threshold, indicating they were due to
statistical fluctuations. This number of candidates turned
out to be statistically consistent with the result from a
Gaussian white noise.
Since the power excess was normalized in the unit of the

KSVZ axion signal during the rescaling process, the final
SNR becomes the reciprocal of the standard deviation in
each bin of the grand spectrum. Therefore, the axion-
photon signal to be observed with SNR of 5 corresponds to
the KSVZ coupling multiplied by

ffiffiffiffiffi
5σ

p
, which determines

the sensitivity to the KSVZ model. From our data, we
found σ ¼ 24.8 on average over the entire spectrum with no
signal observed and hence we rejected the null hypothesis
at 90% confidence level (C.L.). This excluded dark matter
axions with coupling gaγγ ≳ 11.1 × gKSVZaγγ at the same C.L.
in the mass range between 13.0 and 13.9 μeV. Figure 5
plots our exclusion limits, compared with other experi-
mental results.

FIG. 5. Exclusion limits on axion-photon coupling by CAPP-9 T at 90% C.L. The large gaps at around 13.35 μeV and small spikes
correspond to the mode mixing regions and removed bins attributed to the spurious interference, respectively. The light red band
represents the total uncertainty described in the text. Results from other cavity experiments [12–17,34,35] are compared in the inset.
Note RBF stands for Rochester-Brookhaven-Fermilab and UF does for University of Florida.

PHYSICAL REVIEW LETTERS 125, 221302 (2020)
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−multi-cell
− powerful magnets
− tailored cavities for high frequency

“Roberto and I spent a few months cooking up this theory, and now the experimentalists have spent 40 years looking for it ”
H. Quinn
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HALOSCOPES: DEMONSTRATORS AND NEW PROPOSALS

and anisotropy of 16 meV [74], the spin wave mass is
mQ ¼ ½0.12ðB0=2 TÞ þ 0.6& meV. From Ref. [45] we find
fQ ¼ 190 eV at B0 ¼ 2 T, and take f2Q ∝ 1=mQ from the
δL kinetic term [50].
Including the usual Maxwell term, linearizing for small

fluctuations in E and θQ in the presence of an applied
magnetic field, B0, and external DA source, we find the
system of equations derived from the action take the
following form (see also Refs. [44,62,75]):

ϵË −∇2Eþ α
π
½B0θ̈Q −∇ð∇θQ ·B0Þ& ¼ A cosωat;

θ̈Q − v2Q∇2θQ þm2
QθQ −

α
4π2f2Q

B0 ·E ¼ 0; ð6Þ

where ϵ ¼ ϵrϵ0 is the TI dielectric constant.
The driving termA ¼ 2B0gγ

ffiffiffiffiffiffiffiffiffiffiffi
2ρDM

p
=ma at leading order,

and derives from Eq. (2) taking the DA as an external source,
with θD fixedbyρDM.Neglecting theAQdispersion compared
to E, we diagonalize Eq. (6) to find ϕ' and 2ω2

'ðkÞ¼
ðk2=ϵþm2

Qþb2Þ'
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðk2=ϵþm2

Qþb2Þ2−4k2m2
Q=ϵ

q
, where

b2 ¼ α2B2
0=4π

3ϵf2Q [45] [see Fig. 1(c)], and k is the Fourier
conjugate of x. Dynamical AQs are required for themixing: in
the absence of derivatives, θQ and E decouple in Eq. (6). The
presence of axion-polaritons can be verified using an inverse
“light shining through a wall” [76] experiment (as described
elsewhere [45]), which can measure ω'ðk; B0Þ from the
band gap.
DA-driven polariton waves in the ATI are a combination

ofL, andE. In the presence of T breaking, the ATI surface
states are gapped [45,77]. The DA-induced surface polar-
iton E field thus leads to emission of photons from the
surface of the ATI, just like a dielectric haloscope, or dish
antenna [34,78]. If there is only one mode at a given ω then
dielectric BCs are sufficient to compute the photon emis-
sion from polaritons at the boundary. We propose to detect
the emitted photons by using a silicon lens to focus them
onto a wide bandwidth single photon detector (SPD). A
mirror placed behind the ATI coherently enhances the
forward emission [44]. The concept is illustrated in Fig. 3.
The material boundary conditions and mirror restrict the

allowed modes k in the ATI. The lowest lying mode,
k0 ∼ 1=L (where L is the system size), has the largest
integrated volume, and we define ωþðk0; B0Þ ≔ ω0

þðB0Þ.
The E-field power generated by resonant DA-photon
conversion on resonance, ω0

þðB0Þ ¼ ωa, can be expressed
as [79], Psignal ¼ ðω=QÞ × ðenergy storedÞ:

Psignal ¼
1

2
κfþQsysVeff jE0j2ωa; ð7Þ

where Qsys is the loaded quality factor, κ is a coupling or
form factor, and fþ ¼ b2=ðω2 þ b2Þ is a mode mixing

factor. We expect κ ∼ 1=ϵ; however this could be enhanced
by 1=k2 at small k ∼

ffiffiffi
ϵ

p
ma due to resonant mixing.

The reference power, P0 [Eq. (1)] is enhanced in Eq. (7)
by two factors: first the quality factor of the AF resonance;
second the effective volume can be far larger than ð2π=ωÞ3.
The volume amplification arises from the modified
dispersion relation: the resonance is tuned by B0, and is
independent of the ATI volume (the resonance scanning
requires no precision THz mechanical motion at cryogenic
temperatures). The mode mixing factor leads to a small
suppression of power, and determines the optimal material
via b. The coupling factor, κ, should be optimized in
engineering of coatings, geometry, and material ϵ.
The effective Qsys is due to the electric field enhance-

ment inside the ATI due to the modified dispersion relation
in Eq. (6). We assume Qsys ¼ 105, using THz AFMR
measurements that reportQ ∼ 10–100 at T ∼ 4 K, reducing
at lower T [80–84], and scaling Q ∝ T−3 [81,85–87] down
to ∼100 mK dilution refrigerator temperatures common in
axion searches [18]. The value of Q and operating temper-
ature will be key drivers in the final choice of material and
experimental design.
The polariton in the ATI should be optimally coupled to

the free space electromagnetic field at the surface for
efficient photon measurement, and material losses due to
Gilbert damping and phonon production [additional decay
channels in Fig. 1(b)] should be of order the photon
emission. We absorb into Veff [see Eq. (1)] the rele-
vant form factors, the effect of the ATI dielectric
constant, and any boost factor, β2, arising from the geometry
[44]. For Veff ¼ 1 cm3, gγ ¼ 10−10 GeV−1, B0 ¼ 2 T
(ωa ¼ 0.8 meV, ν ¼ 210 GHz), and κ ¼ 0.01, the power
is 5 × 10−22 W: about one photon every 0.3 seconds.
We use SPD to estimate the measurement sensitivity

because, at low temperatures and high frequencies, it is
more advantageous than power detection [88]. While
phase-insensitive linear amplifications are fundamentally
limited by the standard quantum limit, SPD suffers no strict
sensitivity limit. A high confidence detection requires the

Wide bandwidth SPD 
centering at log 
periodic antenna 

Wide bandwidth SPDWW
centering at log 
periodic antenna 

FIG. 3. Schematics of experimental concept. EM waves are
emitted from all material surfaces perpendicular to B0. A mirror
and silicon lens focus THz photons from ATI samples onto a
single-photon detector located at the center of a log periodic
antenna.
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Sikivie concept
axion-photon

www.physicstoday.org August 2006    Physics Today 31

In 1983, Sikivie proposed an elegant and ingenious ex-
periment to detect dark-matter axions by their resonant con-
version to RF photons in a microwave cavity permeated by a
strong magnetic field3 (see figure 1). When the cavity is tuned
to the resonant frequency, the conversion power is propor-
tional to B2VQ, where B is the magnetic-field strength, V the
cavity volume, and Q its quality factor, the figure of merit of
how good the cavity is as a microwave resonator. The axion
signal would appear as excess energy in a narrow peak above
background with a width on the order of a part per million.
The expected signal would also be model-dependent, but ex-
ceedingly tiny, measured in yoctowatts (10−24 W), currently
the smallest SI unit of power. In comparison, the last signal
ever received from the 7.5-W transmitter aboard Pioneer 10 in
2002, then 12.1 billion kilometers from Earth, was a prodi-
gious 2.5 × 10−21 W. And unlike with the axion, physicists
knew its frequency!

Fortunately, the photon couplings of quite different
axion models cluster in a tight band. The band indicates the
constraint between the axion’s mass and how strongly it cou-
ples to photons. Historically, the various models have served
as goalposts for experimentalists. As pictured along the cen-
ter of the blue band in figure 2, one prototypical example of
a general class of axions is denoted KSVZ (for Kim-Shifman-
Vainshtein-Zakharov); at the lower edge of the blue band is
the most pessimistic model, the grand-unification-theory-
inspired DFSZ (for Dine-Fischler-Srednicki-Zhitnitskii).

In the late 1980s, pioneering experiments performed in
cavity resonators of just a few liters’ volume—one by a col-
laboration of the University of Rochester, Brookhaven Na-
tional Laboratory, and Fermilab, and the other by the Uni-
versity of Florida—already achieved power sensitivities
within a factor of 100 to 1000 of the model band over a nar-
row range in frequency.4,5

In an actual search, however, signal power is one of only
three factors that an experimenter can control. The ultimate
signal-to-noise ratio, and hence detectability, of any signal is
governed by the Dicke radiometer equation,

where s/n is the signal-to-noise ratio, ∆ν the bandwidth of the
signal, t the integration time, and Ps and Pn the signal and noise
power, respectively, and Tn the system’s total noise tempera-
ture. Consider these practical issues: The size and cost of su-
perconducting magnets limit increasing the signal power, and
the need to scan decades in frequency within a finite number
of years limits the integration time at each frequency. There-
fore, reducing a system’s noise temperature—that is, the sum
of the physical temperature and the equivalent electronic-
noise temperature of the amplifier—is the best strategy. 

Getting colder
By scaling up the cavity volume and, more importantly, 
using ultra-low-noise microwave technology, two second-
generation experiments are now under way to detect galac-
tic-halo axions. The efforts are complementary, even in the
quantum sense: The experiment at Lawrence Livermore Na-
tional Laboratory (LLNL) exploits the character of photon-
as-wave, while the other at Kyoto University has gone the
photon-as-particle route.

In its first phase of operation, now concluded, the Axion
Dark Matter Experiment (ADMX) at LLNL used heterojunc-
tion field-effect transistor (HFET) amplifiers to listen for the
axion–photon conversion in a microwave cavity. The ampli-
fiers represented a major leap in ultra-low-noise amplifier
technology when introduced into common use in the 1970s,
and the ADMX experiment benefited from the long-term 
development program at the National Radio Astronomy 
Observatory, which delivered packaged amplifiers of ever-
improving noise performance for the radio astronomy
community.6 In those devices, electrons from an aluminum-
doped gallium arsenide layer fall into the GaAs two-
dimensional quantum well that serves as the FET channel.
The FET electrons are transported ballistically, with minimal
scattering and thus minimal electronic noise. The amplifiers
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Figure 1. The Axion Dark
Matter Experiment at
Lawrence Livermore National
Laboratory is designed to
detect an axion by its decay
into a single, real
microwave photon in the
presence of a magnetic field
B. The experiment consists
of three basic components:
a powerful 8-tesla supercon-
ducting magnet, a high-Q
and tunable cavity, and an
ultrasensitive microwave
amplifier as the front end of
a radio receiver. The experi-
mental tower is shown here being withdrawn from the mag-
net and cryostat, which extends 4 meters below floor level.
The exposed disks are thermal shields to insulate the cavity
and detector electronics held at 1.5 K. The challenge is to
detect any slight excess in microwave photons in a narrow
peak above thermal and electronic noise during a search.
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Haloscopes QUAX a-e QUAX demonstrators QUAX a-γ LNL and LNF haloscopes

QUAX - QUAERERE AXIONS
Detection of cosmological axions through their coupling to electrons or photons

ELECTRON COUPLING – QUAX the FMR haloscope

the axion DM cloud acts as an effective RF magnetic field on the
electron spin exciting magnetic transitions in a magnetized sample
(YIG)→ RF photons

PHOTON COUPLING – QUAX aγ high frequency range (8.5− 11) GHZ

DM axions are converted into RF photons inside a resonant cavity
immersed in a strong magnetic field
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with a maximum sensitivity to gaee of 1.7 × 10−11. This, to
our knowledge, is the best reported limit on the coupling of
DM axions to electrons, and corresponds to a 1-σ field
sensitivity of 5.5 × 10−19 T, which is a record one. No show
stoppers have been found so far, andhence a further upscale of
the system can be foreseen. A superconducting cavity with a
higher quality factorwas already developed and tested [50]. It
was not employed in this Letter since the YIG linewidth does
not match the superconducting cavity one, and the improve-
ment on the setup would have been negligible. With this
prototype, we reached the rf sensitivity limit of linear
amplifiers [51]. To further improve the present setup, one
needs to rely on bolometers or single magnon or photon
counter [52]. Such devices are currently being studied by a
number of groups, as they find important applications in the
field of quantum information [53–56].
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a splitting g = 158 MHz. The coupling g scales exactly with√
nsVs , in fact g =

√
5δ, where δ " 71 MHz is the mea-

sured splitting due to a single sphere. This means that all
the spins are coherently participating to the material-cavity
mode, and ensures that all the spheres magnetization easy
axes are aligned along B0. We use g to calculate the effective
number of spins in the sample using the relation described by
Eq. (5), we obtain ns = 2.13 × 1028 m−3. The weakly cou-
pled linewidth is 0.7 MHz, yielding a critically coupled one
of k+/2π = 1.4 MHz, corresponding to the hybrid modes
relaxation times τ− " τ+ = 0.11µs.

The detection electronics consists in an amplification
chain which has two inputs, called Input Channel 1 and 2,
(IC-1 and IC-2, respectively). Channel 1 measures the signal
power, while Channel 2 has calibration and characterization
purposes. A cryogenic switch is used to select the desired
channel:

IC-1 the rf power inside the cavity is collected with a dipole
antenna whose coupling to the cavity can be changed
using an external micro-manipulator, allowing us to
switch continuously from sub-critical to over-critical
coupling. For optimal measurement conditions, we
tune the antenna to critical coupling by doubling the
sub-critical linewidth of the selected mode;

IC-2 a 50Ω termination RJ , enclosed in a copper block
together with a heater resistance, is used as Johnson
noise source. The emitted power can be used to cali-
brate the noise temperature of the system and the total
gain, detailed in Sect. 3.1.

The detection electronics, as shown in Fig. 4, is divided into a
liquid helium temperature part (LTE) and a room temperature

Fig. 3 Design of the microwave cavity and magnetic field distribution
of the TM110 mode (see text for details). The black arrows represent
the direction of the magnetic field, and the color is the normalized field
amplitude. The GaYIG spheres are placed on the cavity axis at the
maximum of the rf magnetic field
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Fig. 4 Left: Simplified scheme (not to scale) of the experimental appa-
ratus showing the high temperature and low temperature electronics
(HTE and LTE) and the source oscillator (SO). Right: Electronics lay-
out. From bottom to top, the blue-dashed line encloses the cryogenic part
of the apparatus, the crossed rectangles represent the magnet, the orange
rectangle is the cavity with black spheres inside standing for the ferri-
magnetic material. At the top of the cavity are located the sub-critical
antenna (left) and the variably-coupled antenna (right). The sub-critical
antenna is connected with a room temperature attenuator and then to
the source oscillator SO, while the other antenna is connected to one of
the switch inputs. The other input is the 50Ω resistor RJ , and the gray
rectangle is the plate where RJ is placed and that can be heated with a
current generator. The output of the switch is connected to an isolator
and then to the A1 and A2 amplifiers. The rf coming from A2 is down-
converted by mixing it with a local oscillator LO. The two outputs, phase
I and quadrature Q, are fed into the low frequency amplifiers A3I and
A3Q , and eventually to the ADC. The red T ’s are thermometers

part (HTE). The collected power is amplified by a HEMT
cryogenic low-noise amplifier (A1) with gain GA1 " 38 dB.
To avoid the back-action noise of the amplifier, a cryogenic
isolator with 18 dB of isolation is inserted in the chain. The
HTE consists of a room temperature FET amplifier (A2),
with GA2 " 34 dB, followed by an IQ mixer used to down-
convert the signal with a local oscillator (LO).

The energy distribution of DM axions is highly peaked
(Qa ∼ 106) around the actual axion mass, so the correspond-
ing frequency distribution can significantly overlap with one
(e. g. f+) of the two hybrid modes. As the axion mass is
unknown, both modes could be monitored independently in
order to double the frequency scan rate of the detector. In
our simplified scheme we choose to work only with f+, thus
setting the LO frequency to fLO = f+ − 0.5 MHz and its
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HS.By comparing the two plots of Fig. 1, one can see that the
model appropriately describes the system, allowing us to
extract the linewidths, frequencies, and couplings of the
modes through a fit. The typical measured values are γ1 ≃
1.9 MHz and gcm ≃ 638 MHz, yielding τs ≃ 84 ns andNs≃
1.0 × 1021 spins, respectively. With respect to the hybridi-
zation of a single sphere, gcm scales as the square root of the
number of spheres, showing their coherent coupling to the
cavitymode.Remarkably, themodeω1 is not altered by other
modes, thus we will use it to search for axion-induced
signals. For a fixedB0 the linewidth of the hybridmode is the
haloscope sensitive band. By changingB0, we can perform a
frequency scan along the dashed line of Fig. 1.
The electronic schematics, shown in Fig. 2, consists of

four rf lines used to characterize, calibrate, and operate the
haloscope. The HS output power is collected by a dipole
antenna (D1), connected to a manipulator by a thin steel
wire and a system of pulleys to change its coupling. The
source oscillator (SO) line is connected to a weakly coupled
antenna (D2) and used to inject signals into the HS, the
pump line goes to a Josephson parametric amplifier (JPA),
the readout line amplifies the power collected by D1, and
“Aux” is an auxiliary line. The readout line is connected
to a heterodyne as described in [37], where an analog-
to-digital converter (ADC) samples the down-converted
power, which is then stored for analysis. The JPA is a
quantum-limited amplifier, with resonance frequency of
about 10 GHz, resulting in a noise temperature of 0.5 K. Its
gain is close to 20 dB in a band of order 10 MHz, and its
working frequency can be tuned thanks to a small super-
conducting coil [46]. Excluding some mode crossings,
hybrid mode and JPA frequencies overlap between 10.2
and 10.4 GHz and allow us to scan the corresponding
axion-mass range.

The procedure to calibrate all the lines of the setup is as
follows: (i) the transmittivity of the Aux-readout path KAR
is measured by decoupling D1 or by detuning ω1; (ii) for
the Aux-SO and SO-readout paths, KAS and KSR are
obtained by critically coupling D1 to the mode ω1. The
transmittivity of the SO line is KSO ≃

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
KSRKAS=KAR

p
. If a

signal of power Ain is injected in the SO line, the fraction of
this power getting into the HS results Acal ¼ AinKSO. Since
Acal is a calibrated signal, it can be used to measure gain and
noise temperature of the readout line. From this measure-
ment, we obtain a system noise temperature Tn ¼ 1.0 K
and a gain of 70.4 dB from D1 to readout (see Fig. 2).
In our setup, the coupling ofD1 can be varied by 8 dB, thus
we estimate a calibration uncertainty of 16%.
To double check the accuracy of the result, we measure

the thermal noise of the HS. The noise difference for ω1 on
and off the JPA resonance (dark blue and light blue) gives

FIG. 1. Measured (left) and modeled (right) transmission func-
tions of the HS. The right plot is the function fcdmnðω;ωmÞ, based
on the second quantization of coupled harmonic oscillators, while
the left one is a SO-to-readout (see Fig. 2) transmission measure-
ment with the JPA off, performed at 90 mK. Color scales are in
arbitrary units (brighter colors correspond to higher amplitudes).
The dashed line in the left plot identifies the low-frequency hybrid
mode, having resonant frequencies ω1 and linewidths γ1.

FIG. 2. Schematics of the apparatus. The cavity is reported in
orange, the ten YIG spheres are in black, and the blue shaded
region is permeated by a uniform magnetic field. The cryogenic
and room temperature HEMT amplifiers are A1 and A2, respec-
tively, and the JPA ports are the signal (s), idler (i), and pump (p).
Superconducting cables are brown, the red circled T’s are the
thermometers, SO is a source oscillator, and attenuators are
shown with their reduction factor in decibels. (Inset) The
calibration of the system gain and noise temperature, obtained
by injecting signals in the SO line. The power injected in the HS
is given in terms of an effective temperature proportional to Acal.
The errors are within the symbol dimension. See text for further
details.
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Interaction of the axion with a spin 1/2
particle
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DFSZ axion model coupling with non relativistic (v/c� 1) electron: equation of motion reduces to
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The interaction term is in the form of a spin−magnetic field interaction with∇a playing the role of a
oscillating effective magnetic field

INTRODUCTION Introduction QUAX

QUAX
THE AXION WIND AS AN EFFECTIVE MAGNETIC FIELD

The interaction of a spin 1/2 particle with the axion field a(x) is described by the
Lagrangian:

L =  ̄(x)(i~�µ@µ � mc) (x) � igpa(x) ̄(x)�5 (x)

 (x) is the spinor field of the fermion with mass m

�µ are the 4 Dirac matrices, �5 = i�0�1�2�3

gp dimensionless pseudo-scalar coupling constant

Non-relativistic limit of the Euler-Lagrange equation:
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has the form of the interaction between the spin magnetic moment (�2 e~
2m� = �2µB�,

with µB the Bohr magneton in the case of the electron) and an effective magnetic field
Ba ⌘ gp

2e ra .
The interaction (??) has been recently considered in Ref.s [?, ?] to search for axion
induced atomic transitions using laser techniques.
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QUAX: AXION DETECTION BY RESONANT INTERACTION WITH e− SPIN

The interaction term has the form of a spin−magnetic field interaction with∇a playing
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In 1983, Sikivie proposed an elegant and ingenious ex-
periment to detect dark-matter axions by their resonant con-
version to RF photons in a microwave cavity permeated by a
strong magnetic field3 (see figure 1). When the cavity is tuned
to the resonant frequency, the conversion power is propor-
tional to B2VQ, where B is the magnetic-field strength, V the
cavity volume, and Q its quality factor, the figure of merit of
how good the cavity is as a microwave resonator. The axion
signal would appear as excess energy in a narrow peak above
background with a width on the order of a part per million.
The expected signal would also be model-dependent, but ex-
ceedingly tiny, measured in yoctowatts (10−24 W), currently
the smallest SI unit of power. In comparison, the last signal
ever received from the 7.5-W transmitter aboard Pioneer 10 in
2002, then 12.1 billion kilometers from Earth, was a prodi-
gious 2.5 × 10−21 W. And unlike with the axion, physicists
knew its frequency!

Fortunately, the photon couplings of quite different
axion models cluster in a tight band. The band indicates the
constraint between the axion’s mass and how strongly it cou-
ples to photons. Historically, the various models have served
as goalposts for experimentalists. As pictured along the cen-
ter of the blue band in figure 2, one prototypical example of
a general class of axions is denoted KSVZ (for Kim-Shifman-
Vainshtein-Zakharov); at the lower edge of the blue band is
the most pessimistic model, the grand-unification-theory-
inspired DFSZ (for Dine-Fischler-Srednicki-Zhitnitskii).

In the late 1980s, pioneering experiments performed in
cavity resonators of just a few liters’ volume—one by a col-
laboration of the University of Rochester, Brookhaven Na-
tional Laboratory, and Fermilab, and the other by the Uni-
versity of Florida—already achieved power sensitivities
within a factor of 100 to 1000 of the model band over a nar-
row range in frequency.4,5

In an actual search, however, signal power is one of only
three factors that an experimenter can control. The ultimate
signal-to-noise ratio, and hence detectability, of any signal is
governed by the Dicke radiometer equation,

where s/n is the signal-to-noise ratio, ∆ν the bandwidth of the
signal, t the integration time, and Ps and Pn the signal and noise
power, respectively, and Tn the system’s total noise tempera-
ture. Consider these practical issues: The size and cost of su-
perconducting magnets limit increasing the signal power, and
the need to scan decades in frequency within a finite number
of years limits the integration time at each frequency. There-
fore, reducing a system’s noise temperature—that is, the sum
of the physical temperature and the equivalent electronic-
noise temperature of the amplifier—is the best strategy. 

Getting colder
By scaling up the cavity volume and, more importantly, 
using ultra-low-noise microwave technology, two second-
generation experiments are now under way to detect galac-
tic-halo axions. The efforts are complementary, even in the
quantum sense: The experiment at Lawrence Livermore Na-
tional Laboratory (LLNL) exploits the character of photon-
as-wave, while the other at Kyoto University has gone the
photon-as-particle route.

In its first phase of operation, now concluded, the Axion
Dark Matter Experiment (ADMX) at LLNL used heterojunc-
tion field-effect transistor (HFET) amplifiers to listen for the
axion–photon conversion in a microwave cavity. The ampli-
fiers represented a major leap in ultra-low-noise amplifier
technology when introduced into common use in the 1970s,
and the ADMX experiment benefited from the long-term 
development program at the National Radio Astronomy 
Observatory, which delivered packaged amplifiers of ever-
improving noise performance for the radio astronomy
community.6 In those devices, electrons from an aluminum-
doped gallium arsenide layer fall into the GaAs two-
dimensional quantum well that serves as the FET channel.
The FET electrons are transported ballistically, with minimal
scattering and thus minimal electronic noise. The amplifiers
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Figure 1. The Axion Dark
Matter Experiment at
Lawrence Livermore National
Laboratory is designed to
detect an axion by its decay
into a single, real
microwave photon in the
presence of a magnetic field
B. The experiment consists
of three basic components:
a powerful 8-tesla supercon-
ducting magnet, a high-Q
and tunable cavity, and an
ultrasensitive microwave
amplifier as the front end of
a radio receiver. The experi-
mental tower is shown here being withdrawn from the mag-
net and cryostat, which extends 4 meters below floor level.
The exposed disks are thermal shields to insulate the cavity
and detector electronics held at 1.5 K. The challenge is to
detect any slight excess in microwave photons in a narrow
peak above thermal and electronic noise during a search.
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− Pa gives rise to RF/µwave radiation⇐= axion signal
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THE EXPERIMENTAL TECHNIQUE: ELECTRON SPIN RESONANCE
Magnetic resonance (ESR/FMR) arises when energy levels of a quantized system of electronic moments are
Zeeman split (⇐⇒ the magnetic system is placed in a uniform magnetic field B0) and the system absorbs EM
radiation in the microwave range at the Larmor frequency (νL).

An experimental geometry with crossed magnetic fields is needed:
I B0 along z→ νL = γB0, γ = 28 GHz/T
I a microwave field B1 is applied to the xy plane

sum of two counter-rotating fields 2A cosωt = A(eiωt + e−iωt)

I no resonance occurs when the AC field is parallel to B0

I M∝ ns is the magnetization density
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BLOCH EQUATIONS - SPIN PRECESSION
The evolution of the electron spin under the influence of external fields is
described by a set of coupled non-linear equations, modified to take into
account radiation damping.

0
10

20
30

40
0 20 40 60 80

B0

B1

M

!"#$%&'()*+,()-#.'(/($#))

•  0#).%12,#2)%3#)!"#$%&'()*+,()-#.'(/($#)),()4)
#5+#&,6#(%/").,%1/7'(.)8'&)%3#)6/9(#7:#2)./6+"#;))
–  8&##).+/$#)<&/2,/7'()2/6+,(9)+&'="#6>)
–  &8)$/?,%@)A,%3)3@=&,2,:/7'()'8)$/?,%@BC,D#")6'2#.))

<%3#&6/")+3'%'(.)+&'="#6>)
–  A/?#91,2#),()$1%'E))F$)G)FH)<1(2#&),(?#.79/7'(>)

!"#$%&'()*+,()-#.'(/($#)0!*-)'&)!1-2),(.,2#)/)6/9(#7$)6#2,/)<&8)&#$#,?#&>),.)%1(#2)=@)/()
#3%#&(/")4/5(#67,(5)8#"9)):;<)%3#)&8))I#"2):=)<'&%3'9'(/")%'):;>)),()%3#)>:7)&/(5#)#5$,%#.)%3#)
.+,()J,+)%&/(.,7'(.)/%)H/&6'&)&#.'(/($#)FH)K)?)1(2#&9')+&#$#..,'(L)

=)@))AB)CD)EFG)>:7)

H =

H1 cos(!t)

H1 sin(!t)

H0

!

"

#
#
#
#

$

%

&
&
&
&

:;)

:=)

?)

7, 8, 12, 16 GHz rectangular cavitiesMICROWAVE CAVITY

COUPLED LOOPS

MATERIAL IN FREE SPACE

dMx

dt
= γ(M× B)x −

Mx

τ2
− MxMz

M0τr

dMy

dt
= γ(M× B)y −

My

τ2
− MyMz

M0τr

dMz

dt
= γ(M× B)z −

M0 −Mz

τ1
−

M2
x + M2

y

M0τr
- τr radiation damping
- τ1 longitudinal (spin-lattice) Mz

- τ2 < τ1 transverse (spin-spin) Mx,y
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AXION DETECTION VIA ESR
The axion wind substitutes the transverse field B1, inducing a variable magnetization component in the
magnetic sample in the xy plane

Ma(t) = γµBBansτmin cos(ωat)

τmin is the shortest coherence time among:
− axion wind coherence time τ∇a
−magnetic material relaxation time τ2
− radiation damping τr
ns material spin density, µB is the Bohr magneton

Magnetized material with volume Vs will
absorb energy from the axion wind at a rate

Pin = µ0H · dM
dt

= Ba
dMa

dt
Vs = γµBnsωaB2

aτminVs

that will be re-emitted as electromagnetic radiation

RADIATION DAMPING ISSUE

at high frequency (& 10 GHz)
the signal is suppressed via τr
term in free space (τr � τ2, τ∇a)
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RADIATION DAMPING AND STRONG COUPLING REGIME

−magnetized material inside a microwave cavity
− strong coupling regime: two separate resonances with width (τ−1

c + τ−1
2 )

−when the νL = νc the system hybridizes at maximum coupling
− axion detection is accomplished in one of the hybrid photon-magnon modes

Sikivie concept
axion-photon

www.physicstoday.org August 2006    Physics Today 31

In 1983, Sikivie proposed an elegant and ingenious ex-
periment to detect dark-matter axions by their resonant con-
version to RF photons in a microwave cavity permeated by a
strong magnetic field3 (see figure 1). When the cavity is tuned
to the resonant frequency, the conversion power is propor-
tional to B2VQ, where B is the magnetic-field strength, V the
cavity volume, and Q its quality factor, the figure of merit of
how good the cavity is as a microwave resonator. The axion
signal would appear as excess energy in a narrow peak above
background with a width on the order of a part per million.
The expected signal would also be model-dependent, but ex-
ceedingly tiny, measured in yoctowatts (10−24 W), currently
the smallest SI unit of power. In comparison, the last signal
ever received from the 7.5-W transmitter aboard Pioneer 10 in
2002, then 12.1 billion kilometers from Earth, was a prodi-
gious 2.5 × 10−21 W. And unlike with the axion, physicists
knew its frequency!

Fortunately, the photon couplings of quite different
axion models cluster in a tight band. The band indicates the
constraint between the axion’s mass and how strongly it cou-
ples to photons. Historically, the various models have served
as goalposts for experimentalists. As pictured along the cen-
ter of the blue band in figure 2, one prototypical example of
a general class of axions is denoted KSVZ (for Kim-Shifman-
Vainshtein-Zakharov); at the lower edge of the blue band is
the most pessimistic model, the grand-unification-theory-
inspired DFSZ (for Dine-Fischler-Srednicki-Zhitnitskii).

In the late 1980s, pioneering experiments performed in
cavity resonators of just a few liters’ volume—one by a col-
laboration of the University of Rochester, Brookhaven Na-
tional Laboratory, and Fermilab, and the other by the Uni-
versity of Florida—already achieved power sensitivities
within a factor of 100 to 1000 of the model band over a nar-
row range in frequency.4,5

In an actual search, however, signal power is one of only
three factors that an experimenter can control. The ultimate
signal-to-noise ratio, and hence detectability, of any signal is
governed by the Dicke radiometer equation,

where s/n is the signal-to-noise ratio, ∆ν the bandwidth of the
signal, t the integration time, and Ps and Pn the signal and noise
power, respectively, and Tn the system’s total noise tempera-
ture. Consider these practical issues: The size and cost of su-
perconducting magnets limit increasing the signal power, and
the need to scan decades in frequency within a finite number
of years limits the integration time at each frequency. There-
fore, reducing a system’s noise temperature—that is, the sum
of the physical temperature and the equivalent electronic-
noise temperature of the amplifier—is the best strategy. 

Getting colder
By scaling up the cavity volume and, more importantly, 
using ultra-low-noise microwave technology, two second-
generation experiments are now under way to detect galac-
tic-halo axions. The efforts are complementary, even in the
quantum sense: The experiment at Lawrence Livermore Na-
tional Laboratory (LLNL) exploits the character of photon-
as-wave, while the other at Kyoto University has gone the
photon-as-particle route.

In its first phase of operation, now concluded, the Axion
Dark Matter Experiment (ADMX) at LLNL used heterojunc-
tion field-effect transistor (HFET) amplifiers to listen for the
axion–photon conversion in a microwave cavity. The ampli-
fiers represented a major leap in ultra-low-noise amplifier
technology when introduced into common use in the 1970s,
and the ADMX experiment benefited from the long-term 
development program at the National Radio Astronomy 
Observatory, which delivered packaged amplifiers of ever-
improving noise performance for the radio astronomy
community.6 In those devices, electrons from an aluminum-
doped gallium arsenide layer fall into the GaAs two-
dimensional quantum well that serves as the FET channel.
The FET electrons are transported ballistically, with minimal
scattering and thus minimal electronic noise. The amplifiers

B

Single
photon
γ

Virtual
photon

Axion

MICROWAVE CAVITY

Figure 1. The Axion Dark
Matter Experiment at
Lawrence Livermore National
Laboratory is designed to
detect an axion by its decay
into a single, real
microwave photon in the
presence of a magnetic field
B. The experiment consists
of three basic components:
a powerful 8-tesla supercon-
ducting magnet, a high-Q
and tunable cavity, and an
ultrasensitive microwave
amplifier as the front end of
a radio receiver. The experi-
mental tower is shown here being withdrawn from the mag-
net and cryostat, which extends 4 meters below floor level.
The exposed disks are thermal shields to insulate the cavity
and detector electronics held at 1.5 K. The challenge is to
detect any slight excess in microwave photons in a narrow
peak above thermal and electronic noise during a search.
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CHAPTER 4

Characterization of the Hybridized System

In this chapter we characterize the hybridized system in the cavity-QED framework by means of
microwave network analysis, in order to set the optimal experimental conditions for the investigation
of the photoinduced opto-magnetic phenomenon. The characterization is performed in the frequency
domain through measurements of the S-coefficients, which describe the behaviour of the system in
terms of reflection and transmission of microwave signals. The transmission analysis allows to study
the hybridezed modes and to examine the influence of the sample properties on the coupling regime,
and the reflection coefficient allows to set the least perturbative detection condition at which the
radiated power can be measured during the opto-magnetic excitation.

4.1 Experimental Setup
The experimental apparatus for the study of the hybridized system is pictorially shown in figure 4.1(a).

Figure 4.1: (a) Experimental set up. (b) Microwave magnetic field lines of the cavity TE102 mode.

We have analyzed the coupling regimes that take place in a microwave cavity with a 2mm YIG
sphere and of a 1.8mm-diameter, 2.7mm-length YIG cylinder. The sphere is glued to an alumina
(aluminum–oxide) rod that identifies the crystal axis [110] , while the cylinder is sustained by a support
of the same material as illustrated in fig. 4.2.
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EXPECTED SIGNAL

INTRODUCTION axion-photon [a�] axion-electron quantum sensing LNL and LNF haloscopes

back to the origins of the QUAX FMR haloscope

ELECTRON COUPLING – QUAX NEW CONCEPT! the FMR haloscope

the axion DM cloud acts as an effective RF magnetic field on the
electron spin exciting magnetic transitions in a magnetized sample
(YIG) ! RF photons

sostituire con disegno modificato: ⌧min = min(⌧a, ⌧c, tau2) under the condition of strong coupling, sotto ns metti
YIG (Yttrium Iron Garnet) e tuning con campo B sotto a massa (ESR, where the RF field is actually the axion
effective field)

Eur. Phys. J. C   (2018) 78:703 Page 3 of 9  703 

Fig. 1 Transmission spectrum of the hybrid system as a function of
the external field B0, showing the anticrossing curve of the cavity mode
(red dashed line) and Kittel mode (blue dashed line). The coupling g is
defined by Eq. (5)

Fig. 2 Power spectrum of the cavity (blue line), and hybrid modes
calculated for a critically coupled antenna and a sample volume Vs
(orange line) and 5Vs (green line). The used parameters are close to the
experimental values of our apparatus

g = γ

2π

√
µ0h fa
Vm

nsVs = f+ − f−, (5)

where µ0 is vacuum magnetic permeability and Vm = ξVc is
the product of the cavity volume Vc and a mode-dependent
form factor ξ . The linewidths of the hybrid modes k+,− are an
average of the linewidth of the cavity kc and of the material
km , i. e. k+,− = 1

2 (kc + km) ≡ kh . The calculated power
spectral density of an empty cavity and of a cavity with the
volume Vs and 5Vs of material are shown in Fig. 2. The two
hybrid modes are more sensitive to the power deposited by the
axion field since they are not affected by radiation damping,
the minimum relaxation time is τmin = min(τh, τ∇a), where
τh = 1/kh . With an antenna critically coupled to one of the
hybrid resonant modes, the extracted power is Pout = Pin/2.

The scalar product σ̂ · ∇a of Eq. (2) shows that the effect is
directional. Due to earth rotation, an earth-based experiment
experiences a full daily modulation of the signal, due to the
variation of the axion wind direction.

3 The QUAX prototype

To implement the scheme presented in Sect. 2 we use a cylin-
drical copper cavity TM110 mode with resonance frequency
fc $ 13.98 GHz and linewidth kc/2π $ 400 kHz at liq-
uid helium temperature, measured with a critically coupled
antenna. The shape of the cavity is not a regular cylinder, two
symmetric sockets are carved into the cylinder to remove the
angular degeneration of the normal mode, the maximum and
minimum diameters are 26.7 mm and 26.1 mm, and the length
is 50.0 mm. The shape of the cavity and of the mode magnetic
field are shown in Fig. 3. The choice of the TM110 mode has
the advantage of having a uniform maximum magnetic rf field
along the cavity axis. Its volume can be increased just using
a longer cavity without changing the mode resonance fre-
quency. For this mode we calculate a form factor ξ = 0.52
[61]. The cavity mode is coupled to a magnetic material,
thus we studied the properties of several paramagnetic sam-
ples and some ferrites. Highest values of ns together with
long relaxation times have been found for YIG (Yttrium Iron
Garnet) and GaYIG (Gallium doped YIG). To avoid inho-
mogeneous broadening of the linewidth due to geometrical
demagnetization, these garnets are shaped as highly polished
spheres. Five GaYIG spheres of 1 mm diameter have been
placed in the maximum magnetic field of the mode, which
lies on the axis of the cavity. The spheres are housed inside
a PTFE support large enough to let them rotate in all pos-
sible directions, in order to automatically align the GaYIG
magnetization easy axis with the external magnetic field.

The amplitude of an external magnetic field B0 determines
the Larmor frequency of the electrons. The uniformity of
B0 on all the spheres must be enough to avoid inhomoge-
neous broadening of the ferromagnetic resonance. To achieve
a magnetic field uniformity ≤ 1/Qh , where Qh ∼ 104 is the
quality factor of the hybrid mode, we make use of a supercon-
ducting NbTi cylindrical magnet equipped with a concentric
cylindrical NbTi correction magnet. With B0 = 0.5 T we
have fL $ fc and thus the hybridization of the cavity and
Kittel modes, as discussed in Sect. 2. The power supply of the
main magnet is a high-precision, high-stability current gen-
erator, injecting 15.416 A into the magnet with a precision
better than 1 mA, while a stable current generator provides
26.0 A for the correction magnet. A simplified scheme of the
cavity, material and magnet setup is represented in the left
part of Fig. 4.

In the strong coupling regime, the hybrid mode frequen-
cies are f+ = 14.061 GHz and f− = 13.903 GHz, yielding

123

under the condition of strong coupling

YIG (Yttrium Iron Garnet)

ESR (Electron Spin Resonance)
 the RF field is actually the axion effective field

—> > axion mass tuning with B field!
1.7 T —>  48 GHz

corresponding signal photon rate
microwave photon counter is needed
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EXPERIMENTAL CHALLENGES

9

rectangular section. Three 1 mm diameter venting holes
are also drilled on one end cap for every separate volume
that is formed in the interior of the assembly. All the
copper parts were polished by chemical etching before
being mounted.

When the two lateral sides are joint together and
blocked with M5 non magnetic stainless steel bolts, the
two end caps can still be moved indipendently and fas-
tened. This allows for the easy positioning of the sapphire
cylinders while keeping one end cap out. The cavity is
normally operated keeping its axis vertical. For this rea-
son no specific holding system for the sapphire tubes has
been designed yet, and so they just keep their positions
through gravity.

A photograph of partial assembly of the dielectric cav-
ity is shown in Fig. 11. The final assembly of the sap-
phire shells is done with only one end-cap removed and
the cavity in the vertical position.

FIG. 11. Partial assembly of the dielectric cavity.

We characterized the resonant modes of the dielectric
cavity at LNL in a LHe-cryostat at 4.2 K. The spec-
trum of the resonant modes was measured at 300 and
5.4 K with a Vector Network Analyzer (VNA). We se-
lect the pseudo-TM030 as the lowest-frequency peak with
strong coupling with the dipole antenna. At room tem-
perature the pseudo-TM030 mode has a frequency ⌫030 =
10.886 GHz with quality factor Q030 = (150, 000±2, 000)
where the uncertainty is estimated from repeated mea-
surements. A second peak at higher frequency corre-
sponds to the TM031 mode. Transmission and reflec-
tion parameters for the pseudo-TM030 mode taken at this
temperature are shown in Fig. 12 as measured from the
port with higher coupling to the cavity, while on the other
port the reflected signal was barely visible. The measured
loaded quality factor is QL = 632, 000. The unloaded
quality factor is calculated as Q030 = (1+k)⇥QL where
k ⇠ (1�S11(⌫030))/(1+S11(⌫030)) is the coupling to the
antenna. We obtain Q030 = (720, 000 ± 10, 000) a very
large quality factor if compared with copper cavities at
these frequencies and temperatures with typical quality
factor of less than 100,000.

FIG. 12. Trasmission and reflection parameters as a function
of frequency for the pseudo-TM030 mode at 10.916 GHz at
5.4 K.

B. Axion electron coupling

1. LNL Ferromagnetic haloscope

In the apparatus that we operated at the Labora-
tori Nazionali di Legnaro of INFN, the TM110 mode
of a cylindrical copper cavity is coupled to ten 2.1 mm-
diameter spheres of YIG. The spherical shape is needed
to avoid geometrical demagnetization. We devised an on-
site grinding and polishing procedure to obtain narrow
linewidth spherical samples starting from large single-
crystals of YIG. The spheres are placed on the axis of
the cavity, where the rf magnetic field is uniform.

Several room temperature tests were performed to de-
sign the YIG holder: a 4 mm inner diameter fused silica
pipe, containing 10 stacked PTFE cups, each one large
enough to host a free rotating YIG. Free rotation permits
the spheres’ easy axis self-alignment to the external mag-
netic field, while a separation of 3 mm prevents sphere-
sphere interaction. The pipe is filled with 1 bar of helium
and anchored to the cavity for thermalization. The cavity
and pipe are placed inside the internal vacuum chamber
(IVC) of a dilution refrigerator, with a base temperature
around 90mK. Outside the IVC, in a liquid helium bath,
a superconducting magnet provides the static field with
an inhomogeneity below 7 ppm over all the spheres.

The electronic schematics, shown in Fig. 13, consists
in four rf lines used to characterize, calibrate and oper-
ate the haloscope. The HS output power is collected by
a dipole antenna (D1), connected to a manipulator by
a thin steel wire and a system of pulleys to change its
coupling. The source oscillator (SO) line is connected
to a weakly coupled antenna (D2) and used to inject
signals into the HS, the Pump line goes to a Joseph-
son parametric amplifier (JPA), the Readout line ampli-
fies the power collected by D1, and Aux is an auxiliary
line. The Readout line is connected to an heterodyne
as described in [40], where an ADC samples the down-

7

FIG. 7. Final design of the cavity with its relevant dimensions.

Since the sapphire dielectric constant varies in a wide
range depending on the crystal orientations, impurities
and temperature, in the simulations we have consid-
ered a sapphire dielectric constant equal to 11.5 and a
loss tangent of 10�5 at room temperature, and 11.2 and
10�7 the corresponding values at cryogenic temperature
(See [78]). The copper surface resistance was set to about
5.5 m⌦ as expected in the anomalous regime at this fre-
quency71. The two conical end plates were designed in or-
der to reduce their loss contribution to a negligible level.
In particular, as already implemented and illustrated in
ref.59,60, the length of the conical shapes is such as to per-
mit a su�cient attenuation of the electromagnetic field
at the end plates. To realize the cavity two pieces of oxy-
gen free high purity copper were machined to form two
separate identical halves of the cavity. The inner surfaces
were electro polished to reduce surface roughness. The
two parts can then be joined together to form a closed
cylinder, tightness is guaranteed by twelve M4 steel bolts.
Bolts have been chosen of non magnetic stainless steel
(AISI 304). Before closing the cavity, the 36 sapphire
rods are mounted. For each of them a 2.1 mm diame-
ter hole is present on each ends of the two cavity halves.
Excluding the two most central ones, all sapphire rods
are kept in place by teflon screws provided with copper
berillium springs at their ends. The use of the springs
is necessary to avoid breaking of the rods when cooling
the system to cryogenic temperatures and, at the same
time, keeping a constant force on the rods to avoid un-
wanted displacements. Figure 8 shows the two halves of
the cavity, complete of sapphire rods and teflon screws.

Table I summarizes the main results obtained. As can
be seen from this table, the values measured at room tem-
perature agree quite well with the simulations. For the
cryogenic temperature, this is no longer true regarding
the values of the Q factor: the largest discrepancy can
be found for the TM010 mode, where indeed the spuri-
ous peak mentioned before is spoiling the measured value.
For the TM011 mode, which does not have spurious peaks

FIG. 8. Photograph of the photonic band gap cavity opened
in two halves.

TABLE I. Results obtained with the photonic cavity.

Measured Simulated

Mode Frequency Q0 Frequency Q0

(MHz) (MHz)

Room temperature (300 K)

TM010 13 495 160 000 13 499 160 000

TM011 13 578 90 000 13 565 104 000

Cryogenic temperature (4.2 K)

TM010 13 592 290 000 13 563 1.1 · 106

TM011 13 665 520 000 13 621 770 000

nearby, the results is much closer to the expected value,
confirming the validity of the proposed scheme.

3. Dielectric cylinders

Here we describe the design, fabrication and test of a
pseudo-cylindrical cavity with dielectric shells made of
sapphire enclosed in a copper cavity as sketched in Fig. 9
with an extremely high quality factor (potentially larger
than 106 in the X-band frequency range at cryogenic tem-
perature as shown in simulations) and with a relatively
simple and tunable geometry. These types of geometries
have been already implemented by other authors for dif-
ferent applications79–83. In particular, the realization of
a resonant cavity with hollow dielectric-cylinders for ax-
ion haloscopes was first proposed in [84] and a proof-of-
concept demonstration was done in [85]. As pointed out
by these authors, if properly designed, the two cylindri-
cal sapphire shells act as shielding that strongly reduce
the magnetic field amplitude on the outer wall of the
cavity and, therefore, the power losses. More precisely,
the cavity working mode in this type of structures is a
pseudo-TM0n0 mode where the dielectric shells, acting
as electromagnetic screens, reduce the amplitude of the
secondary lobes of the field with respect to the main one.
On the other hand, losses due to sapphire can be neg-
ligible thanks to its low loss-tangent, going from about
10�5, at room temperature, down to a fraction of 10�7

at cryogenic temperatures for purest samples78,86.
In the proposed configuration, with two shells, the se-

5

III. QUAX RESULTS

A. Axion photon coupling

The QUAX collaboration has developed the first ap-
paratus employing an hybrid cavity constituted by a su-
perconducting part inside a normal conducting copper
cavity. With this system, coupled to a HFET based het-
erodyne detection chain, good sensitivity to axion cou-
pling has been demonstrated and worth a publication on
Physical Review D. The corresponding results are shown
in figure 1.

This result has been obtained mainly due to the im-
proved Q factor with respect to other apparatuses. The
collaboration has continued to follow this road, trying
to develop cavities capable of working in high magnetic
field and exhibiting extremely high factor of merit. After
the first realization of a photonic band gap cavity (work
submitted to Review of Scientific Instruments), having
Q value of about 300 000, a better design was realized
based on the use of sapphire cylinders (work submitted
to NIM). In such a case the figure of merit was in excess
of 700 000 for the selected cavity mode.

1. NbTi superconductive resonant cavity

To increase the quality factor and match the optimal
condition for the coupling to cosmological axions, it is
natural to consider SCCs as they were widely studied
in accelerator physics. However, in axion searches these
are operated in strong magnetic fields that, on the one
hand, weaken superconductivity and, on the other, are
screened by the superconducting material. To overcome
both these limitations we designed a cavity divided in
two halves, each composed by a Type II superconducting
body and copper endcaps. Type II superconductors are
infact known to have a reduced sensitivity to the applied
magnetic field. Moreover, magnetic field penetration in
the inner cavity volume may be facilitated by interrupt-
ing the screening supercurrents with the insertion of a
thin (30 µm) copper layer between the two halves.

The cavity layout is shown in the upper part of Fig. 4,
featuring two identical copper semi-cells with cylindri-
cal body and conical endcaps to reduce current dissipa-
tion at interfaces. The cylindrical body is 50 mm long
with diameter 26.1 mm, while the cones are 19.5 mm
long. For the detection of axions through its interaction
with the electron spin 40, part of the cylinder was flat-
tened to break the angular symmetry and prevent the
degeneration of mode TM110. A finite element calcu-
lation performed with ANSYS HFSS 70 of the TM010
mode used for Primako↵ axion detection gives a fre-
quency ⌫sim

c = 9.08 GHz and a coe�cient Cmnl = 0.589
in a volume V = 36.43 cm3. The calculated field profile
of this mode is shown in Fig. 4. Because of this hybrid

FIG. 4. The upper image represents the electric field of
9.08 GHz TM010 mode in arbitary amplitude units, while the
lower photo is one of the two halves of the superconducting
cavity.

geometry, the quality factor is expressed as

1

Q0
=

Rcyl
s

Gcyl
+

Rcones
s

Gcones
, (14)

where Rs are the surface resistances. The simulation
yields Gcones = 6270.11⌦ and Gcyl = 482.10⌦. At
9 GHz and 4K temperature the surface resistance for Cu
is RCu

s = 4.9 m⌦ 71. A pure Cu cavity with this geom-
etry would have QCu

0 ' 9 ⇥ 104 while an hybryd cavity
with copper cones and no losses on the cylindrical surface
would have Qmax

0 = Gcones/RCu
s ' 1.3 ⇥ 106.

To test this promising simulation results, a prototype
of the cavity was fabricated as shown in the lower part
of Fig. 4. The inner cylindrical part of the cavity was
coated by means of a 10 cm planar magnetron equipped
with a NbTi target. The estimated coating thickness
ranges between 3 to 4 µm. To minimize the losses due
to the interaction of fluxons 72 with the superconducting
microwave-current, only the cylindrical body, where the
currents of the mode TM010 are parallel to the applied
field, were coated as evidenced by the di↵erent colors of
the lower picture of Fig. 4.

We characterized the cavity in a thermally controlled
gas-flow cryostat equipped with an 8 T superconduct-
ing magnet located at Laboratori Nazionali di Frascati
(LNF). No copper layer was inserted between the two
halves. Two tunable antennas were coupled to the cav-
ity mode and connected through coax cables to a Vector
Network Analyzer for the measurement of the reflection
and transmission waveforms, S11(⌫) and S12(⌫). The un-
loaded quality factor Q0 was extracted from a simulta-
neous fit of the two waveforms. An expected system-
atic error of ±5% follows from the fit procedure. At
4.2 K and no applied external magnetic field we mea-
sured Q0 = 1.2 ⇥ 106 in agreement with the maximal
expected value Qmax

0 and corresponding to a surface re-
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◦ magnetized material with spin density 2× 1028 m−3 and FMR linewidth ∼ 150 kHz (τ2 ∼ 2µs)

− necessary magnetized sample volume ∼ 100 cm3 to be hosted in ∼ 50 GHz frequency cavities

• ∼ 106 Q-factor cavities in multi-Tesla magnetic field

• ppm level uniformity and high stability of the 2 T magnetic field

− signal detection beyond SQL with linear amplifiers =⇒ single-photon microwave detectors

◦ 100 mK working temperature of the complete apparatus

• tunability with B field
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EXPERIMENTAL CHALLENGES - MAGNETIC MATERIAL

◦magnetized material with spin density 2× 1028 m−3 and FMR linewidth ∼ 150 kHz (τ2 ∼ 2µs)
tested several magnetic materials =⇒ low hybridization or too large linewidth

YIG – Yttrium Iron Garnet (Y3Fe5O12)
− a ferrimagnetic synthetic garnet
− commercially available spheres (max 2 mm-diameter),
linewidth not sufficiently narrow

We have successfully developed a procedure to get high quality
YIG spheres:

? acquire high purity (. 1ppm RE) YIG single crystals of cm3

size from manufacturers

? large crystal is cut into cubes of 2.5 mm sides

? grinding into 2 mm-diameter spheres using SiC abrasive
paper of different grit size

? polishing with Alumina based suspension
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EXPERIMENTAL CHALLENGES - MAGNETIC FIELD UNIFORMITY

• Homogeneity at the ppm level is required to avoid inhomogeneous line broadening of the FMR resonance

20 ppm over 1 cm, NbTi Superconducting coil
(solution from private company)
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scheme of the cavity, material and magnet setup is repre-
sented in the left part of Fig. 4.

In the strong coupling regime the splitted mode frequen-
cies are f+ = 14.061GHz and f� = 13.903GHz, yielding a
splitting g = 158MHz. The coupling g scales exactly withp

nsVs, in fact g =
p

5d , where d ' 71MHz is the mea-
sured splitting due to a single sphere. This means that all
the spins are coherently participating to the material-cavity
mode, and ensures that all the spheres magnetization easy
axes are aligned along B0. We use g to calculate the effective
number of spins in the sample using the relation described
by Eq. (5), we obtain ns = 2.13⇥1028 m�3. The weakly cou-
pled linewidth is 0.7MHz, yielding a critically coupled one
of k+/2p = 1.4MHz, corresponding to the hybrid modes re-
laxation times t� ' t+ = 0.11 µs.

The detection electronics consists in an amplification chain
which has two inputs, called Input Channel 1 and 2, (IC-
1 and IC-2, respectively). Channel 1 measures the signal
power, while Channel 2 has calibration and characterization
purposes. A cryogenic switch is used to select the desired
channel:

IC-1 - The rf power inside the cavity is collected with a
dipole antenna whose coupling to the cavity can be changed
using an external micro-manipulator, allowing us to switch
continuously from sub-critical to over-critical coupling.
For optimal measurement conditions, we tune the an-
tenna to critical coupling by doubling the sub-critical
linewidth of the selected mode;

IC-2 - A 50 W termination RJ , enclosed in a copper block
together with a heater resistance, is used as Johnson noise
source. The emitted power can be used to calibrate the
noise temperature of the system and the total gain, de-
tailed in Section 3.1.

The detection electronics, as shown in Fig. 4, is divided into
a liquid helium temperature part (LTE) and a room tem-
perature part(HTE). The collected power is amplified by a
HEMT cryogenic low-noise amplifier (A1) with gain GA1 '
38dB. To avoid the back-action noise of the amplifier, a
cryogenic isolator with 18 dB of isolation is inserted in the
chain. The HTE consists of a room temperature FET ampli-
fier (A2), with GA2 ' 34dB, followed by an IQ mixer used
to down-convert the signal with a local oscillator (LO).

In principle, it is possible to acquire the signal coming
from both hybrid modes using two mixers working at f+ and
f�. In our simplified scheme we choose to work only with
f+, thus setting the LO frequency to fLO = f+ � 0.5MHz
and its amplitude to 12 dBm. The antenna output at the hy-
brid mode frequency is down-converted in the 0 - 1 MHz
band, allowing us to efficiently digitize the signal. The phase
and quadrature outputs are fed to two low frequency ampli-
fiers (A3I,Q), with a gain of G3 ' 50dB each, and are ac-
quired by a 16 bit ADC sampling at 2 MHz.

T = 4 K

Magnetic field

GaYIG

MW cavity

-2
0

SO

50⌦

RJ

switch

�+

heater

A1

A2

input

Low frequency

LO
output

I

Q

A3I

A3Q

A
D

C

T

T T

Fig. 4 Left - Simplified scheme (not to scale) of the experimental ap-
paratus showing the high temperature and low temperature electron-
ics (HTE and LTE) and the source oscillator (SO). Right - Electronics
layout. From bottom to top, the blue-dashed line encloses the cryo-
genic part of the apparatus, the crossed rectangles represent the mag-
net, the orange rectangle is the cavity with black spheres inside stand-
ing for the ferrimagnetic material. At the top of the cavity are located
the sub-critical antenna (left) and the variably-coupled antenna (right).
The sub-critical antenna is connected with a room temperature atten-
uator and then to the source oscillator SO, while the other antenna is
connected to one of the switch inputs. The other input is the 50 W re-
sistor RJ , and the gray rectangle is the plate where RJ is placed and
that can be heated with a current generator. The output of the switch is
connected to an isolator and then to the A1 and A2 amplifiers. The rf
coming from A2 is down-converted by mixing it with a local oscillator
LO. The two outputs, phase I and quadrature Q, are fed into the low
frequency amplifiers A3I and A3Q, and eventually to the ADC. The red
T ’s are thermometers.

A weakly coupled dipole antenna is used to inject low
power signals and make transmission measurements of the
system using a source oscillator, SO. All the apparatus de-
vices are referenced to a GPS disciplined, oven controlled,
local oscillator. The cryogenic part of the apparatus is en-
closed in a vacuum vessel immersed in liquid helium, as
shown schematically in Fig. 4. Measurements are performed
at temperatures Tc ⇠ Ta ' 5.0K and Tr ' 5.5K, as read by
the cavity, amplifier and RJ thermometers, respectively.

3.1 Calibration and measurements

For the calibration of the system, the load RJ is heated to a
temperature Tr, as described in Section 3. Using IC-2 it is
possible to measure the Johnson noise of RJ in the tempera-

five 1-mm YIG spheres (Vs =2.6 mm3)
HEMT low noise cryogenic amplifier Tn = 10 K
Tc + Tn = 15 K
Pin = (−4.6± 22.2)× 10−23 W

7

Fig. 8 Excluded values of the gaee coupling (blue area) compared to
its theoretical prediction for the DFSZ axion model (orange line) and
a DM density of 0.45 GeV/cm3. The green shaded area is excluded
by white dwarf cooling [57–59], while the black dashed line is the
best upper limit obtained with solar axion searches relying on the axio-
electric effect [60–66].

4.1 Improvements and discovery potential

To push the present sensitivity towards smaller values of the
coupling constant gaee, several improvements should be im-
plemented. In fact, using Eq. (4), the power released by a
DFSZ-axion wind in the five GaYIG spheres of our proto-
type is

Pout =
Pin

2
= 1.4⇥10�33

✓
ma

58.5 µeV

◆3

⇥

⇥
✓

ns

2 ·1028/m3

◆✓
Vs

2.6 mm3

◆✓
tmin

0.11 µs

◆
W,

(11)

corresponding to a rate ra ⇠ 10�10 Hz of 14 GHz photons,
which is clearly not detectable. To have a statistically signif-
icant signal within a reasonable integration time it is manda-
tory to increase the signal rate, for example in the mHz
range, that will give tens counts per day. The present sensi-
tivity to the power deposited in the system by the axion wind
maintains an excess photon rate of order 100photons/s.

Short term improvements that will be installed in the
prototype include a larger volume of narrow-linewidth mag-
netic material, namely 10 YIG spheres of 2 mm diameter,
a lower cavity temperature with dilution refrigeration and
the use of a Josephson Parametric Amplifier (JPA). The in-
creased volume will enhance the axionic signal of a factor
16. As for the noise reduction, a working temperature of
100 mK will reduce the thermal fluctuations and there are
hints suggesting that it can also reduce the YIG linewidth.
Ultra cryogenic temperatures allow us to use JPAs as first-
stage amplifier to drastically increase the sensitivity, since
its noise temperature can be of the order of 100 mK. The up-
graded prototype should be capable of setting a limit on the
effective magnetic field Bm two orders of magnitude better
than the present one.

To achieve the QUAX goal [41], the detector requires an
improvement of three to four more orders of magnitude in
sensitivity, which can be obtained increasing the signal and
reducing the noise. Using a Vs ' 0.1liters and tmin ' 1 µs,
the axionic power deposited in the system is ⇠ 10�27 W.
This power is smaller than the quantum noise, meaning that
a quantum counter, immune to such noise, must be exploited
to push the sensitivity to the axion level [67, 68].

To scan different axion masses we must vary the work-
ing frequency of the haloscope. A large tuning can be achieved
by changing both the cavity mode resonance frequency and
the Larmor frequency (i. e. the static magnetic field B0). A
small frequency tuning is possible by varying only B0: in
this case, a scanning of several MHz is possible without a
significant reduction of the sensitivity.

In the favored case of a signal detection, its nature can be
systematically studied by QUAX. Since the axion signal is
persistent, it will be possible to infer DM properties by using
the directionality of the apparatus. Moreover, this setup is
able to test different axion models, measuring separately the
axion-to-photon and axion-to-electron couplings. In fact the
apparatus has also the features of a Sikivie haloscope [24],
and can be sensitive to the axion-photon coupling by using
a suitable cavity mode.

5 Conclusions

We described the operation of a prototype of the QUAX ex-
periment, a ferromagnetic haloscope sensitive to DM axion
through their interaction with electron spin. Our findings in-
dicate the possibility of performing electron spin resonance
measurements of a sizable quantity of material inside a cav-
ity cooled down to cryogenic temperatures. By using low
noise electronics we search for extra power injected in the
system that could be due to DM axions. We reach a power
sensitivity of 10�22 W that can be translated to an upper limit
on the the coupling constant gaee < 4.9⇥ 10�10 for an ax-
ion mass of 58 µeV, which, to our knowledge, is the first
measurement of the coupling between cosmological axions
and electrons. The sensitivity of our apparatus is presently
limited only by the noise temperature of the system and
thermodynamic fluctuations, as it reached the limit of Dicke
radiometer equation. The overall behavior of the apparatus
was as expected, and thus we are confident that the planned
upgrades will be effective.
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QUAX LIMIT ON AXION-ELECTRON COUPLING

QUAX 2018 QUAX 2019/2020 QUAX final

material volume 2.6 mm3 46 mm3 105 mm3

system total noise 
temperature

HEMT - 15 K JPA - 1K quantum counter

relaxation time 0.1 microseconds 0.3 microseconds 2 microseconds

 EPJC 78:703 (2018)

first limit on gaee PRL 124:171801 (2020)

- first FMR haloscope with mass scan via B

- field sensitivity 5 10-19

!1

with a maximum sensitivity to gaee of 1.7 × 10−11. This, to
our knowledge, is the best reported limit on the coupling of
DM axions to electrons, and corresponds to a 1-σ field
sensitivity of 5.5 × 10−19 T, which is a record one. No show
stoppers have been found so far, andhence a further upscale of
the system can be foreseen. A superconducting cavity with a
higher quality factorwas already developed and tested [50]. It
was not employed in this Letter since the YIG linewidth does
not match the superconducting cavity one, and the improve-
ment on the setup would have been negligible. With this
prototype, we reached the rf sensitivity limit of linear
amplifiers [51]. To further improve the present setup, one
needs to rely on bolometers or single magnon or photon
counter [52]. Such devices are currently being studied by a
number of groups, as they find important applications in the
field of quantum information [53–56].
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MODELLING THE SYSTEM AND FREQUENCY TUNING

− new cavity at 10.7 GHz to match the JPC amplifier working frequency
− 10 spheres with max diameter 2.1 mm (selected out of about 20)

increasing the material
=⇒ need for improving hybridization control

for the FMR haloscope hybrid system
a model with 2 cavity modes + 2 magnetic modes works
→ 1021 spins,
→ coherent response by 10 spheres,
→material relaxation time 84 ns

→ hybrid mode 1 is isolated, use it to search for axion-induced signals
→ by changing B0, axion mass scan along the dashed line

experiment model

hybrid mode 1
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REMOVING THE MAGNETIC MATERIAL FROM THE CAVITY: QUAX a-γ

PHOTON COUPLING – QUAX aγ high frequency range (8.5− 11) GHZ

DM axions are converted into RF photons inside a resonant cavity
immersed in a strong magnetic field

target: high frequency range (8.5− 11 GHz)

+ stronger magnetic field (8 T+ correction magnet to reduce stray field on electronics)
X high-Q cavity in intense B-fields
X low noise receiver, del fridge operation

Strengths:
high-Q hybrid cavities - NbTi sputtered on copper
dielectric resonators

2

cavity coupled to a JPA and immersed in a static mag-
netic field of 8.1 T, all cooled down with a dilution re-
frigerator at a working temperature T ⇠ 150 mK. These
features improve the precedent work of Ref. [16], allow-
ing us to exclude values of ga�� > 0.639 · 10�13 GeV�1

at 90% C.L.
In Sec. II we describe the experimental setup along

with its calibration, while in Sec. III we present the re-
sults and data analysis, and prospects for QUAX–a� in
Sec. IV.

II. EXPERIMENTAL SETUP

FIG. 1. View of the QUAX�a� dilution refrigerator insert,
instrumented with resonant cavity (at the bottom) and ampli-
fication chain. Behind, the 8.1 T magnet with its countercoil
is visible.

The haloscope, assembled at Laboratori Nazionali di
Legnaro (LNL), is composed by a cylindrical OFHC-Cu
cavity (Fig. 1), with inner radius of 11.05 mm and length
210 mm, inserted inside the 150 mm diameter bore of an
8.1 T superconducting (SC) magnet of length 500 mm.
The total volume of the cavity is V = 80.56 cm3. The
whole system is hosted in a dilution refrigerator with
base temperature of 90 mK. Each cavity endplate hosts
a dipole antenna in the holes drilled on the cavity axis.
The cavity was treated with electrochemical polishing

to minimize surface losses. We measured the resonant
peak of the TM010 mode at 150 mK and magnet on
with a Vector Network Analyzer obtaining the frequency
⌫c= 10.4018 GHz and an unloaded quality-factor Q0=
76,000 in agreement with expectations from simulation
performed with the ANSYS HFSS suite [31]. During
data-taking runs, the cavity was critically coupled to the
output radiofrequency (RF) line and the loaded quality-
factor was measured to be about QL= 36,000.

FIG. 2. Schematics of the experimental apparatus. The mi-
crowave cavity (orange) is immersed in the uniform magnetic
field (blue shaded region) generated by the magnet (crossed
boxes). A1 and A2 are the cryogenic and room-temperature
amplifiers, respectively. The JPA amplifier has three ports:
signal (s), idler (i), and pump (p). Superconducting cables
(red) are used as transmission lines for RF signals from 4 K
stage to 150 mK stage. Thermometers (red circled T) are
in thermal contact with the resonant cavity and the signal
port on the JPA. Attenuators are shown with their reduc-
tion factor in decibels. The horizontal lines (blue) identify
the boundaries of the cryogenic stages of the apparatus, with
the cavity enclosed within the 150 mK radiation shield. The
magnet is immersed in liquid helium.

The RF setup is the same as our previous measure-
ment [15] and is shown in Fig. 2. It consists of four RF
lines used to characterize and measure the cavity sig-
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HIGH Q DIELECTRIC CAVITIES

normal conducting, Q0 independent of B

PHOTONIC CAVITY RSI 91, 094701 (2020)Review of
Scientific Instruments ARTICLE scitation.org/journal/rsi

FIG. 2. Magnitude of the electric field of the first two TM resonant modes: TM010
(a) and TM011 (b).

confined mode TM010 at around 13.5 GHz. The number of rods
was chosen to have enough attenuation of the electromagnetic field
toward the cavity outer wall. Since the sapphire dielectric constant
varies in a wide range depending on the crystal orientations, impu-
rities, and temperature, in the simulations we have considered a
sapphire dielectric constant equal to 11.5 and a loss tangent of 10−5
at room temperature and 11.2 and 10−7 as the corresponding values
at cryogenic temperature (see Ref. 47). The copper surface resistance
was set to about 5.5 mΩ as expected in the anomalous regime at this
frequency.49 The two conical end plates were designed in order to
reduce their loss contribution to a negligible level. In particular, as
already implemented and illustrated in Refs. 29 and 30, the length
of the conical shapes is such as to permit a sufficient attenuation of
the electromagnetic field at the end plates. To excite and detect the
resonant modes, two coaxial antennas were inserted at the end of the
cones.

The magnitude of the electric field of the first two TM reso-
nant modes, TM010 and TM011, is given in Fig. 2. The first mode is
expected to have a quality factor of about 1.1 × 106 at liquid helium
temperature, essentially limited by the losses on the cavity walls and

FIG. 3. Simulated transmission and reflection coefficients for the two coupled
antennas. The peaks correspond to the resonant modes TM010 (lower frequency)
and TM011 (higher frequency). Both antennas have the same coupling. The
parameters used in the simulation are those for the cryogenic system.

FIG. 4. Photograph of the cavity opened in two halves.

endplates. Figure 3 shows the simulated transmission and reflection
coefficients for the two coupled antennas whose peaks correspond to
the resonant modes TM010 and TM011, respectively.

By using the simulations, it is easy to calculate the effective vol-
ume of the system, essential to deduce the axion signal. We obtained
Cmnl ×V = 0.024× 9.5× 10−4 = VSa

eff = 2.3 ⋅ 10−5 m3. Comparisons to
other cavity geometries will be laid out in the conclusions.

To realize the cavity, two pieces of oxygen free high purity
copper were machined to form two separate identical halves of the
cavity. The inner surfaces were electro polished to reduce surface
roughness. The two parts can then be joined together to form a
closed cylinder, tightness is guaranteed by 12 M4 steel bolts. Bolts
have been chosen of non magnetic stainless steel (AISI 304). Before
closing the cavity, 36 sapphire rods are mounted. For each of them,
a 2.1 mm diameter hole is present on each ends of the two cav-
ity halves. Excluding the two most central ones, all sapphire rods
are kept in place by teflon screws provided with copper beryllium
springs at their ends. The use of the springs is necessary to avoid
breaking of the rods when cooling the system to cryogenic tempera-
tures and, at the same time, keeping a constant force on the rods to
avoid unwanted displacements. Figure 4 shows the two halves of the
cavity, complete of sapphire rods and teflon screws.

III. MEASUREMENTS
The first measurement of the cavity is the identification of the

principal modes. This has been performed, at room temperature, by
using the standard bead pulling method, where a small dissipative
sphere is moved along the cavity axis, while the quality factor and
frequency of selected modes are monitored. These parameters are
obtained by measuring the S12 power transmission spectrum using
a Vector Network Analyser (VNA), connected to input/output ports
on the cavity. Since the standard antennas are located on the cav-
ity axis, two other holes were drilled just slightly off axis to be used
as input/output ports, while the standard antenna holes where used
as passages for a thin wire holding the bead. In Fig. 5, the results of
these measurements are shown, together with the expectations from
simulations in the case of the frequency shifts. The TM010 mode
is identified with a single maximum for both the quality factor and
frequency shift with respect to a scan of the entire cavity length with
the bead. The TM011 shows twomaxima. Themeasured frequencies
for the two modes were also compatible with the calculated ones,
thus permitting a clear identification of the modes. During these
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rities, and temperature, in the simulations we have considered a
sapphire dielectric constant equal to 11.5 and a loss tangent of 10−5
at room temperature and 11.2 and 10−7 as the corresponding values
at cryogenic temperature (see Ref. 47). The copper surface resistance
was set to about 5.5 mΩ as expected in the anomalous regime at this
frequency.49 The two conical end plates were designed in order to
reduce their loss contribution to a negligible level. In particular, as
already implemented and illustrated in Refs. 29 and 30, the length
of the conical shapes is such as to permit a sufficient attenuation of
the electromagnetic field at the end plates. To excite and detect the
resonant modes, two coaxial antennas were inserted at the end of the
cones.

The magnitude of the electric field of the first two TM reso-
nant modes, TM010 and TM011, is given in Fig. 2. The first mode is
expected to have a quality factor of about 1.1 × 106 at liquid helium
temperature, essentially limited by the losses on the cavity walls and

FIG. 3. Simulated transmission and reflection coefficients for the two coupled
antennas. The peaks correspond to the resonant modes TM010 (lower frequency)
and TM011 (higher frequency). Both antennas have the same coupling. The
parameters used in the simulation are those for the cryogenic system.

FIG. 4. Photograph of the cavity opened in two halves.

endplates. Figure 3 shows the simulated transmission and reflection
coefficients for the two coupled antennas whose peaks correspond to
the resonant modes TM010 and TM011, respectively.

By using the simulations, it is easy to calculate the effective vol-
ume of the system, essential to deduce the axion signal. We obtained
Cmnl ×V = 0.024× 9.5× 10−4 = VSa

eff = 2.3 ⋅ 10−5 m3. Comparisons to
other cavity geometries will be laid out in the conclusions.

To realize the cavity, two pieces of oxygen free high purity
copper were machined to form two separate identical halves of the
cavity. The inner surfaces were electro polished to reduce surface
roughness. The two parts can then be joined together to form a
closed cylinder, tightness is guaranteed by 12 M4 steel bolts. Bolts
have been chosen of non magnetic stainless steel (AISI 304). Before
closing the cavity, 36 sapphire rods are mounted. For each of them,
a 2.1 mm diameter hole is present on each ends of the two cav-
ity halves. Excluding the two most central ones, all sapphire rods
are kept in place by teflon screws provided with copper beryllium
springs at their ends. The use of the springs is necessary to avoid
breaking of the rods when cooling the system to cryogenic tempera-
tures and, at the same time, keeping a constant force on the rods to
avoid unwanted displacements. Figure 4 shows the two halves of the
cavity, complete of sapphire rods and teflon screws.

III. MEASUREMENTS
The first measurement of the cavity is the identification of the

principal modes. This has been performed, at room temperature, by
using the standard bead pulling method, where a small dissipative
sphere is moved along the cavity axis, while the quality factor and
frequency of selected modes are monitored. These parameters are
obtained by measuring the S12 power transmission spectrum using
a Vector Network Analyser (VNA), connected to input/output ports
on the cavity. Since the standard antennas are located on the cav-
ity axis, two other holes were drilled just slightly off axis to be used
as input/output ports, while the standard antenna holes where used
as passages for a thin wire holding the bead. In Fig. 5, the results of
these measurements are shown, together with the expectations from
simulations in the case of the frequency shifts. The TM010 mode
is identified with a single maximum for both the quality factor and
frequency shift with respect to a scan of the entire cavity length with
the bead. The TM011 shows twomaxima. Themeasured frequencies
for the two modes were also compatible with the calculated ones,
thus permitting a clear identification of the modes. During these
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FIG. 7. Measured S12 spectra (black dots) of the TM010 mode at liquid helium
temperature, superimposed with a fit (blue line) made with a Lorentzian function.

TABLE I. Results obtained with the photonic cavity.

Mode Measured Simulated

Frequency (MHz) Q0 Frequency (MHz) Q0

Room temperature (300 K)

TM010 13 495 160 000 13 499 160 000
TM011 13 578 90 000 13 565 104 000
Cryogenic temperature (4.2 K)

TM010 13 592 290 000 13 563 1.1 ⋅ 106
TM011 13 665 520 000 13 621 770 000

is much closer to the expected value, confirming the validity of the
proposed scheme.

IV. CONCLUSIONS
In this paper, we have presented a novel type of cavity suit-

able to be operated in a strong magnetic field. These cavities are
ideal devices in the search for dark matter axions, where normal
conducting ones are normally used. With the photonic cavity, an
order of magnitude improvement of the quality factor is expected,
while keeping the same detection volume. In fact, a cylindrical cavity
working at the same frequency would have a cross section of about
17 mm diameter, corresponding to an area of 2.3 × 10−4 m2. Tak-
ing the same length of our photonic cavity, the effective volume is
VCu
eff = CmnlV = 0.69×3.4×10−5 = 2.5×10−5 m3, to be compared with

the value VSa
eff = 2.3 ⋅10−5 m3 given in Sec. II. This shows that the two

cavities are equivalent for the purpose of axion searches since they
have practically the same effective volume. It is then possible to cal-
culate what is the output power expected by using a setup with, for
example, an 8 Tmagnetic field. We use this number since in our lab-
oratory, tests have been already performed with a recently available
superconducting magnet.

The expected axion power would be

Pax = 3.3 ⋅ 10−24 W� VSa
eff

2.3 ⋅ 10−5 m3 �� B
8T
�2� gγ−0.97�

2

×� ρa
0.45GeV cm−3 �� f

13.5GHz
�� QL

145 000
�. (3)

We can calculate the time tm needed to measure this power
with a signal to noise ratio of one using an almost quantum limited
detection system. This results to be

tm = k2BT2
n

P2
ax

f
Qa
� 2.4 ⋅ 105 s� Tn

1K
�2�3.3 ⋅ 10−24 W

Pax
�2

×� f
13.5GHz

��106
Qa
�, (4)

where kB = 1.38 ⋅ 10−23 J K−1 is the Boltzmann constant, Tn is the
system noise temperature, and Qa is the axion linewidth. A stable
operation of a Josephson parametric amplifier with a system noise
temperature around 1 K has been already obtained at a slight dif-
ferent frequency in our laboratory at the Laboratori Nazionali di
Legnaro of INFN.50

We are thus currently working to implement this new cav-
ity type in our haloscope, and meanwhile, we are also studying
other sapphire geometries that could boost the quality factor to even
higher values.
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Fig. 11. Partial assemblies of the dielectric cavity.

Fig. 12. Measured spectrum of the resonant modes of the dielectric cavity at 5.4 K
(continuous line) and 300 K (dashed line). The pseudo-TM030 is the lowest-frequency
peak, among the strong ones, and the pseudo-TM031 is the subsequent one.

calibrated within 1 K. The spectrum of the resonant modes, measured
at 300 and 5.4 K with a Vector Network Analyzer (VNA), is shown
in Fig. 12. We select the pseudo-TM030 as the lowest-frequency peak
with strong coupling with the dipole antenna. At room temperature the
pseudo-TM030 mode has a frequency ⌫030 = 10.886 GHz with quality
factor Q030 = (150, 000 ± 2000) where the uncertainty is estimated
from repeated measurements. The second peak at higher frequency
corresponds to the TM031 mode. The observed mode-frequencies are
in agreement with the values obtained in the simulated spectrum
shown in Fig. 6, corresponding to 10.915 GHz and 10.975 GHz for
the modes TM030 and TM031, respectively. A low exchange-gas pres-
sure, about 10*5 mbar, guaranteed slow cooling, preventing damages
due to differential contractions of copper and sapphire. Because of
thermal contractions, changes in the positions of the sapphire tubes
in their housings and variation of the sapphire dielectric constant, we

Table 3
Measured frequency and quality factor.
T ⌫ Q

300 K 10.886 GHz (150, 000 ± 2000)
5.4 K 10.916 GHz (720, 000 ± 10, 000)

observed drifts and crossings of modes which were however followed
by continuous measurement of the transmission spectrum. At 40 K the
mode frequency reached a plateau at ⌫030 = 10.916 GHz with quality
factor Q030 = 320, 000. We then added few mbar of He gas to speed
up the cooling that soon stopped at 5.4 K. Transmission and reflection
parameters taken at this temperature are shown in Fig. 13 as measured
from the port with higher coupling to the cavity, while on the other port
the reflected signal was barely visible. The measured loaded quality
factor is QL = 632, 000. The unloaded quality factor is calculated as
Q030 = (1+k)ùQL where k Ì (1*S11(⌫030))_(1+S11(⌫030)) is the coupling
to the antenna. We obtain Q030 = (720, 000 ± 10, 000) a very large
quality factor if compared with copper cavities at these frequencies and
temperatures with typical quality factor of less than 100,000. The error
reflects the stability of the measurement in time and the uncertainty on
the determination of the coupling k. We also observed a 10% variation
by moving the whole cryostat in order to change the alignment of the
sapphire tubes. However, missing a mechanical-movement system in
our setup, we could not investigate this effect further and we postpone
it until the movement system will be available. The measured quality
factor and frequency are summarized in Table 3. Among the causes that
may have reduced the quality factor estimated in our simulations are
the 0.2 mm eccentricity of the larger tube, as discussed in Section 3, or
to higher losses in the sapphire due to a loss tangent equal to 7.2ù10*6.
This value is larger than that observed in [22] but compatible with the
measurement in [23].

5. Conclusions

We realized a dielectric resonance cavity composed of two con-
centric sapphire hollow-tubes housed in a copper cavity. Placing the
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Fig. 13. Transmission and reflection parameters as a function of frequency for the
pseudo-TM030 mode at 10.916 GHz at 5.4 K.

sapphire tubes close to the nodes of the TM030 mode reduces by an
order of magnitude the azimuthal component of the magnetic field
on the cylindrical copper wall, reducing the losses and increasing the
quality factor of the pseudo-TM030 mode resonating at 10.9 GHz up to
720,000 at a temperature of 5.4 K. Electromagnetic simulations show
that the frequency mode is in principle tunable in a 500 MHz range.
This result improves the one previously obtained by our group with a
NbTi cavity [10] and more importantly, we expected it to be unaffected
by an applied magnetic field. This quality factor is close to 106, the
limit imposed by the signal linewidth expected from DM axions, and
is expected to further improve, up to 2 ù 106, by properly tuning the
thickness of the sapphire tubes or by using sapphire tubes with lower
loss tangent.
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Fig. 1. Sketch of the cavity with dielectric cylindrical shells.

from about 10*5, at room temperature, down to a fraction of 10*7 at
cryogenic temperatures for purest samples [22,23].

In the following we focus on the application of our dielectric cavity
to DM-axion searches. Many cavity-haloscope experiments are taking
data or have been proposed in recent years: ADMX [24], HAYSTAC
[25], ORGAN [26], CAPP [27], KLASH [28], RADES [29] and QUAX
[10]. When the resonant frequency of the cavity is tuned to the corre-
sponding axion mass, ⌫c = mac2_h, the expected power generated by
DM axions is given by [25]:

Psig =
0
g2�

↵2

⇡2
`3c3⇢a
⇤4

1
ù
0

�
1 + �

!c
1
�0

B2
0V CmnlQL

1
(1)

where ⇢a Ì 0.4 GeV/cm3 is the local DM density [30], ↵ is the fine-
structure constant, �0 the vacuum permeability, ⇤ = 78 MeV is a scale
parameter related to hadronic physics, g� the photon–axion coupling
constant with central value equal to *0.97(0.36) in the KSVZ (DFSZ)
model [31–34]. It is related to the coupling appearing in the Lagrangian
ga�� = (g�↵_⇡⇤2)ma. The second parentheses contain the magnetic field
strength B0, the cavity volume V , its angular frequency !c = 2⇡⌫c , the
coupling between cavity and receiver � and the loaded quality factor
QL = Q0_(1 + �), where Q0 is the unloaded quality factor. Cmnl is a
geometrical factor depending on the cavity mode:

Cm,n,l =
ÛÛÛî dV íE � íB0

ÛÛÛ
2

V B2
0 î dV ✏r E2 . (2)

where íE is the electric-field mode excited by the axion field.

2. Cavity design

In the proposed configuration, with two shells, the selected mode is
the pseudo-TM030, as given in Fig. 2, where we show the electric field
amplitude in one quarter of the cavity. The cavity resonant-frequency
f res was tuned to 10.9 GHz and the dielectric shells geometrical param-
eters (Rcyl_1, Rcyl_2, tcyl_1, tcyl_2 as defined in Fig. 1) were optimized to
minimize the losses in the outer walls. The choice of this frequency was
mainly given by the possibility of incorporating the resonator inside the
detection chain developed within the QUAX haloscope [35].

The longitudinal electric field and the azimuthal magnetic field are
shown in Fig. 3 as a function of the transverse coordinate, compared
with the results expected for an empty ideal cylindrical cavity operating
in the TM030 mode. The presence of the two sapphire shells reduces
the amplitude of the outer field lobes and simultaneously concentrates
the mode in the internal cylinder. This results in a larger form factor
C030 of the mode [36] and in reduced losses on the cavity outer-walls
and therefore in a higher quality factor. The ratio of the two H fields
on the outer wall of the cavity is about 9 and this gives a decrease
of the losses of around 2 orders of magnitude. The final design of
the cavity, optimized to reduce losses, with its main dimensions is
given in Fig. 4. The dimensions of the sapphire tubes reported here,

Fig. 2. (Color online) Electric field amplitude of the pseudo TM030 mode.

Fig. 3. Longitudinal electric field and azimuthal magnetic field as a function of the
transverse coordinate for the cavity with sapphire shells (continuous lines) and for an
ideal cylindrical cavity operating in the TM030 mode (dotted lines).

Fig. 4. Final design of the fabricated cavity with its main dimensions in millimeters.
Both end-plates have a conical shape to further reduce losses. See Fig. 10 for details
on the copper-cavity design and Fig. 11 for the final realization.

whose measurement is described in Section 3, deviates slightly from

the optimal values (see Table 1).

2

− hollow sapphire cylinders
− T = 5 K, Q0 = 720000 (further improving. . . )
− cavity tuning by cyl. rotation
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QUAX a-γ LIMIT ON AXION-PHOTON COUPLING

− copper cavity with conical end-caps
− two halves kept separated by lower conductivity material
− NbTi sputtering in central cylinder
(D. Alesini)

The axion mass range studied by haloscopes up to now
is limited to a few micro-electron-volts. Exploring larger
ranges at higher values requires the excitation of modes
with frequency above a few gigahertz where several
experimental limitations occur:

(i) The technology of linear amplifier limits the sensi-
tivity [13].

(ii) Conversion volumes are smaller since the normal
modes resonant frequencies are inversely propor-
tional to the cavity radius.

(iii) the anomalous skin effect reduces the copper
cavities quality factor at high frequencies.

Solutions to the first two issues are proposed for instance in
Refs. [14,15], respectively.
The optimum value of the Q-factor for haloscopes is

approximately 106, as estimated by the coherence time of
DM axions [16]. A 10 GHz copper cavity, cooled at
cryogenic temperature, barely reaches Q ∼ 105, a value
that rapidly decreases with increasing frequency. In this
paper, we present a substantial improvement obtained for
the quality factor with a “superconducting haloscope”
composed of a superconducting cavity (SCC) operated
in high magnetic fields. This activity has been done within
the QUAX experiment, which searches DM axions using a
ferromagnetic haloscope [16,17]. The same experimental
apparatus can be used as a Sikivie haloscope [10] exploit-
ing the TM010 mode of the cylindrical cavity. In this work,
we substitute the copper cavity with a superconducting one,
to increase the quality factor and thus the measurement
sensitivity. We refer to the Primakoff haloscope of the
QUAX Collaboration as “QUAX–aγ.”
In Sec. II, we describe the characterization of the SCC

and the measurement setup, while in Sec. III, we present the
results of the axion search done by operating the SCC in
magnetic field and the corresponding exclusion limit on the
coupling gaγγ . Finally, in Sec. IV, we discuss the future
prospects of the QUAX–aγ experiment for the Primakoff
axion search.

II. EXPERIMENTAL APPARATUS

A. Superconducting cavity

To increase the quality factor and match the optimal
condition for the coupling to cosmological axions, it is
natural to consider SCCs as they were widely studied in
accelerator physics. However, in axion searches, these are
operated in strong magnetic fields that, on the one hand,
weaken superconductivity and, on the other, are screened
by the superconducting material. To overcome both these
limitations, we designed a cavity divided in two halves,
each composed by a type II superconducting body and
copper end caps. Type II superconductors are in fact known
to have a reduced sensitivity to the applied magnetic field.
Moreover, magnetic field penetration in the inner cavity
volume may be facilitated by interrupting the screening

supercurrents with the insertion of a thin (30 μm) copper
layer between the two halves.
The cavity layout is shown in the upper part of Fig. 1,

featuring two identical copper semicells with cylindrical
body and conical end caps to reduce current dissipation
at interfaces. The cylindrical body is 50 mm long with
diameter 26.1 mm, while the cones are 19.5 mm long. For
the detection of axions through its interaction with the
electron spin [17], part of the cylinder was flattened to
break the angular symmetry and prevent the degeneration
of mode TM110. A finite element calculation performed
with ANSYS HFSS [18] of the TM010 mode used for
Primakoff axion detection gives a frequency νsimc ¼
9.08 GHz and a coefficient Cmnl ¼ 0.589 in a volume
V ¼ 36.43 cm3. The calculated field profile of this mode is
shown in Fig. 1. Because of this hybrid geometry, the
quality factor is expressed as

1

Q0

¼ Rcyl
s

Gcyl
þ Rcones

s

Gcones
; ð2Þ

where Rs are the surface resistances. The simulation yields
Gcones ¼ 6270.11 Ω and Gcyl ¼ 482.10 Ω. At 9 GHz and
4 K temperature, the surface resistance for copper is RCu

s ¼
4.9 mΩ [19]. A pure copper cavity with this geometry
would have QCu

0 ≃ 9 × 104, while an hybrid cavity with
copper cones and no losses on the cylindrical surface would
have Qmax

0 ¼ Gcones=RCu
s ≃ 1.3 × 106.

To test these promising simulation results, a prototype of
the cavity was fabricated as shown in the lower part of
Fig. 1. The inner cylindrical part of the cavity was coated
by means of a 10 cm planar magnetron equipped with a

FIG. 1. The upper image represents the electric field of
9.08 GHz TM010 mode in arbitary amplitude units, while the
lower photo is one of the two halves of the superconducting
cavity.
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NbTi target. The estimated coating thickness ranges
between 3 to 4 μm. To minimize the losses due to the
interaction of fluxons [20] with the superconducting micro-
wave current, only the cylindrical body, where the currents
of the mode TM010 are parallel to the applied field, were
coated, as evidenced by the different colors of the lower
picture of Fig. 1.
We characterized the cavity in a thermally controlled gas-

flow cryostat equipped with an 8 T superconducting magnet
located at Laboratori Nazionali di Frascati. No copper layer
was inserted between the two halves. Two tunable antennas
were coupled to the cavity mode and connected through
coaxial cables to a vector network analyzer for the meas-
urement of the reflection and transmission waveforms,
S11ðνÞ and S12ðνÞ. The unloaded quality factor Q0 was
extracted from a simultaneous fit of the two waveforms. An
expected systematic error of #5% follows from the fit
procedure. At 4.2 K and no applied external magnetic field,
we measured Q0 ¼ 1.2 × 106, in agreement with the maxi-
mal expected value Qmax

0 and corresponding to a surface
resistance of the NbTi RNbTi

s ¼ ð20# 20ÞμΩ. We repeated
the measurement for different values of the applied magnetic
field in the range 0–5 T both in zero-field cooling (ZFC)
and field cooling (FC), thus reducing the temperature
of the cavity without or with external magnetic field,

respectively. The results are shown in Fig. 2. For B¼2T,
the nominal field used in our axion search, we measured
Q2 T

0 ¼ 4.5 × 105, a factor of approximately 5 better than a
bulk copper cavity; at 5 TwemeasuredQ5 T

0 ¼ 2.95 × 105, a
factor of approximately 3.3 better than a copper cavity.
Comparing FC and ZFC measurements, we observe a
systematic difference below about 0.5 T due to magnetic
field trapping in the superconducting material. For higher
values, the measurements agree within the errors, showing
that the magnetic field is able to penetrate the cavity walls
and that the superconductor is in the flux flow state [21].
In a recent analysis [22], the variation of the surface

resistance of this cavity with the magnetic field was
interpreted by taking into account the vortex-motion con-
tribution within the Gittleman and Rosenblum (GR) model
[23,24]. In particular, the depinning frequency [23] was
estimated to be about 44 GHz. Below this frequency, losses
due to vortex motion are suppressed, while they are
maximal at higher frequency where the flux-flow resistivity
reaches the value ρff ¼ cffρnB=Bc2. Here, B is the applied
dc field, cff ¼ 0.044 is a correction taking into account
mutual orientation of fluxons and microwave currents,
ρn ¼ 7.0 × 10−7 Ωm is NbTi resistivity in the normal state,
and Bc2¼13T×ð1−ðT=TcÞ2Þ is the temperature-dependent
critical field [22]. With this set of parameters, we com-
puted, according to the GR model, the surface resistance of
NbTi for different values of the applied dc field and of the
cavity-mode frequency. Comparing it with the anomalous
surface-resistance of copper [19], we estimated the crossing
frequency for which the losses in NbTi are equal to the
losses in copper. The result is shown in Fig. 3. At
T ¼ 4.2 K, the NbTi cavity is expected to show lower
losses up to an applied field of about 4.5 T. For higher
fields, the crossing frequency rapidly decreases down to
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FIG. 2. Unloaded quality factor Q0 vs external magnetic field
amplitudeB for the hybrid copper-NbTi cavity, compared with the
one of a copper cavity (blue horizontal line). ZFC points are
measured by cooling the cavity before increasing the field; the
opposite procedure was used for FC data (see the text for details).
Unloaded quality factorsQ0 indicated by large markers with error
bars were derived from fits to the reflection and transmission
waveforms, S11ðνÞ and S12ðνÞ. These measurements were used to
correct the loaded quality factors QL measured by the vector
network analyzer, shown, after the correction, as small markers
without error bars.
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Tn ¼ ð11.0# 0.1Þ K; G ¼ ð1.96# 0.01Þ × 1012: ð3Þ

We set the magnetic field to 2 T and measured the cavity
quality factor Q0 ¼ 4.02 × 105, compatible within the
errors with our previous measurement. Finally, we critically
coupled the tunable antenna and measured the loaded
quality factor QL ¼ 2.01 × 105. With high quality factors,
the temperature stability of the system is a critical issue; in
fact, we observed a drift of the cavity resonance frequency
of the order of the line width in the timescale of an hour.
Thus, the integration timewas limited toΔt ¼ 20 min. The
collected data were analyzed with a fast Fourier transform
(FFT) with a resolution bandwidth of Δν ¼ 7812.5 Hz
close to the axion line width, to maximize the signal-to-
noise ratio (SNR) in a single bin. The resulting 9 375 000
FFTs were rms averaged, and the bins with disturbances
introduced by the low-frequency electronics were excluded
from the analysis. The power spectrum was fit using a
degree 5 polynomial to account for the off-resonance part
of the spectra, whose variation is due to the nonuniform
gain of ADC and amplifiers. We modeled the on resonance
spectrum with the absorption profile of a Lorentzian curve.
Since the temperature of the cavity was lower than the one
of the isolator, the spectrum of power reflected by the cavity
shows a minimum at the resonance frequency. The mea-
sured spectrum, together with the fit and residuals, is
shown in Fig. 5. The residuals are distributed according
to a Gaussian probability density function, and their
standard deviation scales as

ffiffiffiffiffiffi
Δt

p
as expected. To get the

equivalent power at the cavity output, we divide the
power measured at the ADC input by the total
measured gain G in Eq. (3). Its standard deviation is
σP ¼ 6.19 × 10−22 W. This value is compatible with the
prediction of the Dicke relation [26]

σP ¼ kBTS

ffiffiffiffiffiffi
Δν
Δt

r
≃ 5.5 × 10−22 W; ð4Þ

where TS ¼ Tn þ Tc ¼ 15.3 K. The expected power
generated by KSVZ axions in our cavity, derived from
Eq. (1), is
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The 95% single-sided confidence limit (1.64σ), shown in
Fig. 6, is gaγγ < 1.03 × 10−12 GeV−1 in a frequency band
of 45 kHz at νc corresponding to a mass range of
approximately 0.2 neV around ma ≃ 37.5 μeV.

IV. CONCLUSIONS

SCCs appear as a natural choice for high-frequency
haloscopes as their quality factor matches the one of
cosmological axions. In this work, we characterized a
SCC by testing it under a high magnetic field at cryogenic
temperature. After successful tests, we performed a single-
mass axion search, extracting an upper limit on gaγγ for a
narrow frequency band. This result is limited by the low
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Haloscopes QUAX a-e QUAX demonstrators QUAX a-γ LNL and LNF haloscopes

QUAX COLLABORATION ROADMAP (2021-2025) LNL

LNF

→ DM axion search (axion-photon coupling) by scanning yet unexplored mass values
in the (8.5− 11) GHz range

→ LNL and LNF INFN laboratories will work in synergy, operating in different mass ranges and using
different low noise amplifiers and single microwave photon detectors.

→ strengthening collaborations with international groups for integration of
1. state-of-the-art itinerant microwave photon counters (E. Flurin, Saclay)
2. traveling wave JPA (N. Roche, Grenoble) in the receiver chain
3. high-Q cavities (SQMS, Superconducting Quantum Materials and Systems center led by Fermilab)

→ [R&D] increase the signal power in the spin-based haloscope. Such a detector could be crucial for the
characterization of the axion models in case of discovery.
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In conclusion, the optimization of the magnetic vol-
ume together with the quantum-limited readout and su-
perconductive cavities will allow the LNF haloscope to
perform an axion search with a scan speed up to about
20 MHz per day. Further improvements are expected by
the development of single microwave photons detectors
under study with the SIMP and Supergalax projects (see
below). In the case of a single-photon detector based
on the measurement of the state of a superconducting
qubit, with each qubit coupled to a cavity in the array, a
readout scheme similar to that discussed in [101] will be
used.

C. Data analysis

Data for this experiment comes from the down conver-
sion of the cavity output and subsequent sampling at a
frequency above the cavity linewidth. An O(1) MHz/s
data flux is expected for each cavity. Considering about
3 months of operation per year, a storage of about 1
MHz/s x 100 days x 86400 s = 9 TB for each cavity
per year would be necessary. This number is easily man-
ageable for the LNL haloscope. For the LNF haloscope
employing up to 7 cavities in a larger bandwith, up to 1
GHz, the higher data flux will be reduced by processing
the data with FPGA and writing to disk only the fraction
of power spectrum of interest for the analysis

For the analysis of the data, the QUAX collaboration,
besides using standard FFT and DFT based techniques,
will integrate in the system all the new analysis proce-
dures that are currently being developed by other groups
searching for DM axion (See [103], [104] and [105]).

D. Summary QUAX-a�: Primako↵ haloscopes

The best parameters for the two haloscopes in LNF
and LNL are summarized in Table III. By using Equa-
tion (9) we have calculate the scanning rates for the two
systems for the case of the KSVZ axion model with 95%
c.l. Two di↵erent detector conditions have been consid-
ered, namely in the standard quantum limit (NA = 0.5)
and with extra noise added by the detection chain as
NA = 1.5 photons. As it can be seen, a realistic scan
bandwidth of O(1) GHz should be feasible for both set-
ups. For the LNF haloscope we have assumed to operate
the multicavity scheme in the simpler case with the cavi-
ties tuned at di↵erent frequencies. A successful operation
of the cavities at the same frequency would improve the
scanning rate by a further factor Ncav = 7. As it can
be seen, a realistic scan bandwidth of O(1) GHz should
be feasible for both set-ups, thus covering the yet unex-
plored region 8.5 to 11 GHz, corresponding to the axion
mass range from 34 µeV to 44 µeV. Such physics reach
is plotted in Figure 18. With the LNL haloscope, hav-
ing the best peak sensitivity, albeit over a much sharper
band, some longer single runs can be envisaged. With

such runs collected data should have sensitivity to reach
the DFSZ model. We remind that the ratio of the ex-
pected axion power between DFSZ and KSVZ models is
about 1/7.3. For the LNL haloscope this would mean
increasing the single scan time from 69 s to about an
hour.

Of course, if the collaboration will be able to operate a
microwave quantum counter, all the performances will be
boosted by a significant factor, depending on the noise
rate of the detector (See Section VI). In such case, the
studied bandwidth will essentially be limited by the oper-
ating bandwidth of the counter, and reaching the DFSZ
model line will be a trustable goal.

TABLE III. Summary of the characteristics of the two QUAX
Sikivie Haloscopes.

LNF LNL

Magnetic field 9 T 14 T

Magnet length 40 cm 50 cm

Magnet inner diameter 9 cm 12 cm

Frequency range 8.5 - 10 GHz 9.5 - 11 GHz

Cavity type Hybrid SC Dielectric

Scanning type Inserted rod Mobile cylinder

Number of cavities 7 1

Cavity length 0.3 m 0.4 m

Cavity diameter 25.5 mm 58 mm

Cavity mode TM010 pseudoTM030

Single volume 1.5 · 10�4 m3 1.5 · 10�4 m3

Total volume 7⌦0.15 liters 0.15 liters

Q0 300 000 1 000 000

Single scan bandwidth 630 kHz 30 kHz

Axion power 7 ⌦ 1.2 · 10�23 W 0.99 · 10�22 W

Preamplifier TWJPA/INRIM DJJAA/Grenoble

Operating temperature 30 mK 30 mK

Performance for KSVZ model at 95% c.l. with NA = 0.5

Noise Temperature 0.43 K 0.5 K

Single scan time 3100 s 69 s

Scan speed 18 MHz/day 40 MHz/day

Performance for KSVZ model at 95% c.l. with NA = 1.5

Noise Temperature 0.86 K 1 K

Single scan time 12500 s 280 s

Scan speed 4.5 MHz/day 10 MHz/day
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